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Summary
The objective of this thesis was to better understand the electrodes of the
polymer electrolyte membrane fuel cell (PEMFC), and especially the anode.
We were interested in how CO poisoning aﬀected the fuel cell and therefore we
started by looking at the unpoisoned anode. It was important to get a good
understanding of the mechanisms of the unpoisoned electrode to have a good
background to understand the poisoned one.
The electrodes were investigated using in situ electrochemical impedance spec-
troscopy (EIS). The cell studied in all experiments consisted of two similar
E-TEK Elat gas diﬀusion electrodes (Elat/Std/DS/V2) with 0.5 mg/cm2 Pt
loading and 20% Pt/C. The electrodes were sprayed with a 5 wt% Naﬁon so-
lution to give 0.6 mg/cm2. The two electrodes were separated by a Naﬁon
117 membrane. A two electrode set-up was used in all the experiments. Sym-
metric cells were used, H2|H2 and O2|O2, to avoid using a reference electrode.
In addition, experiments with the whole fuel cell, H2|O2, were done. The fre-
quency range used in the EIS experiments was 10 kHz-10 mHz. The operating
temperatures were 30 and 50◦C.
We started out by investigate the unpoisoned anode using EIS and a sym-
metrical hydrogen cell, and we discovered the Gerischer behaviour in the low
frequency area. This showed that hydrogen diﬀused along the carbon pores in
the electrode and that the adsorption reaction took place in combination with
surface diﬀusion of hydrogen in the carbon layer located before the platinum
surface. The reaction was thus not only dependent of the platinum catalyst
particles. We were not able to distinguish between molecular or atomic adsorp-
tion. The relaxation time for this rate-limiting adsorption/diﬀusion step was
independent of bias voltage. In Chapter 2 we show the results for this Gerischer
phase element and included this in the equivalent circuit. The equivalent cir-
cuit consisted of two rate-limiting steps, one charge transfer step taking place
iv
at the platinum particles and one adsorption/diﬀusion step. The equivalent
circuit was determined from irreversible thermodynamics.
We discovered a third rate limiting step at the anode. The third step was the
proton hydration step. In Chapter 3 we show that water plays an important
role at the anode. The arc was seen at the highest frequencies in the Nyquist
diagram. This third step was best seen at the low temperature, 30◦C, at 50◦C
this small arc was superimposed on the charge transfer arc in the Nyquist plot.
Again we saw the Gerischer behaviour. An equivalent circuit with three rate
limiting steps was determined using irreversible thermodynamics. The surface
coeﬃcient of hydrogen diﬀusion was estimated to 10−7 m2/s.
In Chapter 4, we saw how the anode and the whole fuel cell reacted when
103 ppm carbon monoxide (CO) was introduced in the fuel gas. Bias voltages
of 0 and 0.05 V were used. Three steps were again revealed in the reaction
mechanism, the charge transfer step, the adsorption/diﬀusion step, and the
proton hydration step. This conﬁrmed earlier results from the unpoisoned an-
ode. The CO had a big eﬀect on the charge transfer step and the relaxation
time increased drastically. The relaxation time for the adsorption/diﬀusion
step was unaﬀected by the CO. We also concluded that CO reduces the diﬀu-
sion rate of the surface diﬀusion of hydrogen on carbon. Also the relaxation
time for the proton hydration step was unaﬀected by CO. CO hindered hy-
drogen access to the Pt surface, occupied the Pt surface and made the surface
more polarisable. These results supported the results from the two previous
chapters. From cyclic voltammetry and stripping voltammetry experiments we
found the CO coverage to be 0.90 at 30◦C and 0.85 at 50◦C.
In Chapter 5 we looked at the oxygen electrode and the oxygen reduction
reaction (ORR). A symmetric oxygen cell was investigated both in the poten-
tiostatic and galvanostatic mode. The oxygen electrode was not reversible and
the whole fuel cell was also investigated at the same conditions as the sym-
metric oxygen. The anodic and cathodic contribution of the oxygen electrode
were then discovered. We found two rate-limiting steps. One dominating arc
in the Nyquist diagram related to the charge transfer reaction and one small
high frequency arc that we assigned to a proton dehydration step. This small
high frequency arc did not change with the bias voltage. We believe we had
peroxide formation followed by decomposition of peroxide. The Butler-Volmer
equation was also ﬁtted to the experimental data. The transfer coeﬃcient
β was determined to 0.70 ± 0.03 and the exchange current density, j0 was
(9.42±0.01)10−5 A/cm2.
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a adsorption
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ac alternating current
ad adsorption
c cathodic
cm proton hydration
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d diﬀusion
dc direct current
eq equilibrium
g gas
i species i
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W Warburg
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Chapter 1
Introduction
1.1 Background
1.1.1 Fuel cell history
The fuel cell eﬀect was ﬁrst discovered by C. F. Schoenbein. In January 1839
he reported on current caused by combining hydrogen and oxygen. The ﬁrst
working fuel cell was invented by W.R. Grove (1842). By connecting a hydro-
gen anode and an oxygen cathode, he produced an electric current [1]. Grove
identiﬁed the control of the interfaces between the electrolyte, electrocatalyst
and reactant gas [2]. Since then, there have been several attempts to apply it
for more than 100 years but none were very successful. Fuel cell technology
was too crude and ineﬃcient and could not compete with the dynamo invented
by von Siemen. F. T. Bacon developed the modern alkaline fuel cell (AFC)
in the 1930s that used alkaline electrolyte and nickel electrodes [3]. This was
the ﬁrst approach towards fuel cell commercialisation and he could in 1959
demonstrate AFC stack producing up to 5 kW [3]. Later the same year, H. K.
Ihrig demonstrated the ﬁrst fuel cell powered veichle. By combining 1008 cells
he produced a fuel stack that produced 15 kW and was capable of powering a
20 horsepower tractor [4].
In the early 1960s General Electric (GE) developed with NASA the Grubb-
Niedrach fuel cell. This fuel cell hade a sulphonated polystyrene ion-exchange
membrane as the electrolyte (a solid electrolyte). This was the ﬁrst application
of a polymer electrolyte membrane (PEM), also referred to as proton exchange
membrane. Platinum was deposited on to this membrane. This fuel cell was
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used on the Gemini space project and was the ﬁrst commercial use of a fuel cell.
AFC was used in the Apollo space-program. This cell had better performance
and durability compared to the PEM fuel cell. Alkali cells have been used since
on most subsequent missions [5].
In 1973 an oil embargo renewed interest in fuel cells for terrestrial applica-
tions. A number of companies and organisations began serious research. The
phosphoric acid fuel cell (PAFC) plant were manufactured and became com-
mercially available in the early 1990s.
Membranes with better stability and performance than used in the Gemini fuel
cell stack were developed. The ﬁrst major advance in PEM fuel cells lifetime
came when DuPont developed the Naﬁon membrane. This is still today the
PEM choice [2].
Possibly the most signiﬁcant barrier that PEM fuel cells had to overcome
was the costly amount of platinum required as a catalyst. The large amount
of platinum in original PEM fuel cells is one of the reasons why fuel cells
were excluded from commercialisation. An eﬀort was made to reduce the
quantities of electrocatalyst used in the membrane-electrode assembly (MEA).
Two signiﬁcant steps in the development of the catalyst layer (CL) of the PEM
fuel cell were the use of highly dispersed Pt catalyst, with particle size in the
range 1-10 nm, deposited on high-surface-area carbon, as well as impregnation
with Naﬁon ionomere. This enabled the reduction of catalyst loadings from
4-10 mg Pt/cm2 to about 0.2 mg Pt/cm2 [6].
Today the PEM fuel cell is the most promising low-temperature fuel cell for
transportation applications since it is very compact. The fuel cell technology
has the potential of meeting the needs of stationary and portable electricity
generation as well as battery replacements.
1.1.2 Polymer electrolyte membrane fuel cells today
Because of their potential to reduce the environmental impact and conse-
quences of the use of fossil fuels, fuel cells have emerged as attractive alterna-
tives to combustion engines. Like a combustion engine, a fuel cell uses some
sort of chemical fuel as its energy source, but like a battery, the chemical en-
ergy is directly converted to electrical energy. In addition to high eﬃcency
and low emissions, fuel cells are attractive for their modular and distributed
nature, and zero noise pollution.
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Currently there is a lot of focus on PEM fuel cells for transportation veichles
and an example of a recent achievement of the PEM fuel cell is the General
Motors (GM) fuel cell car Chevrolet Sequel. On May 15. 2007 the Chevrolet
Sequel was the ﬁrst electrically driven fuel cell veichle to achieve 480 km on one
tank of hydrogen, in and out on traﬃc on public roads [7]. Three lightweight,
carbon composite tanks stored hydrogen at 700 bars and carried 8 kg of hydro-
gen. The hydrogen had been generated from a hydro power plant near Niagara
Falls using hydro-electro power from the falls so no fossil fuels were used to
power them.
The PEM fuel cell has high power density, relatively quick start-up, rapid re-
sponse to varying loads, and low operating temperatures [8, 9]. The primary
components of a PEM fuel cell are an ion conducting electrolyte, a cathode,
and an anode. Together these three are often referred to as the membrane-
electrode assembly (MEA). In its simplest form, the MEA consists of a mem-
brane, two dispersed catalyst layers, and two gas diﬀusion layers (GDL). The
membrane separates the half reactions allowing protons to pass through to
complete the overall reaction. The electron created on the anode side is forced
to ﬂow through an external circuit thereby creating current. The GDL allows
direct and uniform access of the fuel and oxidant to the catalyst layer, which
stimulates each half reaction.
An eﬀective electrode is one that correctly balances the transport processes
required for an operational fuel cell. The three transport processes required
are the transport of 1) protons from the membrane to the catalyst, 2) electrons
from the current collector to the catalyst through the gas diﬀusion layer, and
3) the reactant and product gases to and from the catalyst layers and the gas
channels. Protons, electrons, and gas belongs to the three phases found in the
catalyst region. Part of the optimisation of electrode design is the attempt to
correctly distribute the amount of volume in the catalyst layer between the
transport media for each of the three phases to reduce transport losses.
Most eﬀorts in the electrode theory and experiments focus on the cathode
catalyst layer (CLL). The oxygen reduction reaction (ORR) occurs in the CCL
and here we ﬁnd 30-40% of the total performance loss in the PEMFC. It is
also important to focus on the anode catalyst layer and the hydrogen oxidation
reaction (HOR). The anode does not contribute signiﬁcant to the total loss in
the PEMFC when the fuel is neat. But when the fuel is contaminated with
CO, then the performance loss is due to the anode and the anode catalyst
layer (ACL). It is therefore of great importance to know the mechanisms of
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the unpoisoned ACL to be able to understand in detail how CO aﬀects the
ACL and the cell performance.
Impurities in hydrogen fuel and in air are brought along with the fuel and air
feed streams into the anodes and cathodes of a PEM fuel cell causing perfor-
mance degradation, and sometimes permanent damage to the MEA [10]. The
hydrogen impurities can be CO, H2S, NH3, organicsulfur-carbon, and carbon-
hydrogen compounds. They are mainly from the manufacturing process, in
which natural gas or other small organic fuels are reformed to produce hydro-
gen gas with a small amount of impurities. It has been identiﬁed that the
MEA is mostly aﬀected by a contamination process. Three major eﬀects have
been identiﬁed [10]: Kinetic eﬀect, e.g. poisoning of the electrode, conductiv-
ity eﬀect (increase in the solid electrolyte resistance), and mass transfer eﬀect
(catalyst layer structure and hydrophobility changes causes a mass transfer
problem). In PEM fuel cells using reformate H2-rich gas as a fuel, CO has
become a major concern because it binds strongly to Pt sites, resulting in
the reduction of surface active sites available [11, 12]. The poisoning eﬀect
is strongly related to the CO concentration, the exposure time to CO, the
operation temperature in the cell, and anode catalyst type. The presence of
CO impurities in the anode hydrogen fuel could also signiﬁcantly aﬀect the
cathode, probably primarily through pin-holes in the membrane [13, 14].
Pt is still the only known catalyst that provides acceptable reaction rates at
operating temperatures in PEMFC. Electrocatalyst development is fundamen-
tal to performance enhancement and cost reduction. New alloys are being
developed to reduce cost, enhance performance and operational ﬂexibility like
CO-tolerance etc. [2]. Non-noble catalysts for PEMFC are also a focus for
researchers [15, 16]. Today only about 40% of the expensive Pt in the cat-
alytic layer is utilised [6]. New techniques for catalyst application are being
developed to be able to increase the Pt utilisation [17, 18, 19].
The GDL is also subject for research. Materials like carbon-ﬁbre paper, cloth
materials and non-woven materials. Nanoparticle surfaces are also studied.
These extremely small particles aﬀect the electronic structure of the Pt/C
system and changes the catalyst surface heterogeneity [2].
The proton exchange membrane component stands out as being of great im-
portance. Today the perﬂuorosulfonic acid PEM is the only commercial mem-
brane [2]. Several developments activities are underway [20]. The focus is on
addressing improved performance and reliability, dramatic cost reduction, ease
of manufacture, optimisation for use in speciﬁc applications, operation under
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reduced or zero external humidiﬁcation and high-temperature operation.
Various porous gas-diﬀusion electrode models that also have been used for
the PEMFC, have developed since the late 1960's [21, 22, 23]. Most of these
models have treated the electrodes in their steady state [24, 25, 26]. The
dynamic response of the system, the topic of this investigation, was also studied
[27, 28]. Most of the focus has been on the oxygen electrode.
Several researchers have used EIS and studied the porous gas diﬀusion elec-
trodes used in the PEM fuel cell. Both the anode and the cathode have been
studied in addition to the whole fuel cell [29]. A lot of the experiments done
at the anode are done at higher temperatures, i.e. 50◦ and more. Ciureanu
and Wang [30] looked at the symmetric hydrogen cell in a two electrode set-up
using EIS and found two rate-limiting steps. These were assigned to the charge
transfer across the interface and the dissociative chemisorption of hydrogen at
the electrode. They also studied the eﬀect of CO poisoning of the anode. Also
Kim et al. [31] studied the symmetric hydrogen cell with and without CO
poisoning. They found three rate limiting processes. They assigned this new
third arc in the Nyquist plot to gas phase diﬀusion of hydrogen.
Some experimental investigations on the symmetric oxygen cell (ORR) have
been done. Romero-Castanon et al. [32] investigated the MEA in the PEM
fuel cell using a reference electrode to separate the anode and cathode contri-
bution. They discovered two rate-limiting processes at the oxygen electrode at
all potentials, including OCV. Hombrados and coworkers [33] also discovered
two rate limiting steps at OCV conditions.
There is no consensus about the equivalent circuit representing the anode and
cathode. Based on experimental data up until today several equivalent cir-
cuits that represents the electrodes are presented. However the data does not
converge towards one model and there are still uncertainties connected to the
modelling of the processes taking place at the electrodes. This thesis shall
present experimental results that can help this model development.
1.2 Thermodynamics
The second law of thermodynamics states that the entropy change of the sys-
tem plus its surroundings is zero for a reversible process and positive for an
irreversible process. The second law gives the direction for the process but it
does not give the rate [34]. Non-equilibrium thermodynamics can be used to
derive this rate equations. Our interest is the transport of heat, mass, charge
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and chemical reactions at the electrode surface. We shall use this theory as
developed by Kjelstrup and Bedeaux [35] for the porous gas-diﬀusion electrode.
1.2.1 Excess properties of the surface
Heterogenous systems with transport of heat, mass, and charge are important
in industry as well as in nature. Evaporation and condensation are examples
of mass and heat transport. All electrochemical cells have such transport
properties at their electrodes. In a fuel cell, chemical reactions take place at the
electrode surface converting chemical energy into electrical energy. This can
be described by non-equilibrium thermodynamics for surfaces. The theoretical
foundation is described elsewhere. Here a short overview of essential points
shall be given.
Most of the dissipation of energy in a fuel cell takes place at the electrode
surfaces. A surface or interface is the thin layer between two homogenous
phases. The thermodynamics properties of the surface are given by the values
of the excess properties [34]. Gibbs choose this way to allocate surface energies
to a particular position. Properties of a layer are then integrated out.
We describe our system as having ﬂat surfaces and in this respect our descrip-
tion diﬀer from others. The two-dimensional surface is shown in Fig. 1.1.
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Figure 1.1. The two-dimensional electrode surface with its adjacent membrane
and backing as they are used in the description.
In real life this surface is agglomoratic, but by integrating over the surfaces we
can then look upon them as ﬂat surfaces and choose the x-axis perpendicular
to the surface to describe transport. The backing and membrane are continues
phases as described also by others. A schematic picture of PEM fuel cell is
shown in Fig. 1.2.
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Figure 1.2. A schematic picture of the polymer electrolyte fuel cell. The mem-
brane (1), the electrode surfaces (2) and the electrode backings (3) are shown.
Courtesy of Steﬀen Møller-Holst.
The system contains of ﬁve subsystems. The mid section (labelled 1) is the
water-containing membrane. The membrane has an anode surface to the left
and a cathode surface to the right (labelled 2). The outer sections are the
porous carbon matrixes (labelled 3) that transport gas, charge and heat. Hu-
midiﬁed hydrogen diﬀuses through the pores in the carbon backing and reaches
the catalytic platinum in the surface. Here it reacts and forms protons and
electrons. The electrons go into the carbon matrix while the protons go into
the proton conducting electrolyte membrane.
The densities in the carbon backing, the anode surface, and in the membrane
are illustrated in Fig. 1.3. Here we see the variation in the densities of the
components in the surface, membrane and anode layer of the electrode. The
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density function of platinum (Pt) has a peak in the surface and the density
function of adsorbed hydrogen will follow the one of Pt. The membrane will
have the highest density of water. The highest density of fuel (H2) will be in
the carbon backing and this will decrease as the fuel moves through the surface
and reacts. By integrating the area under these density functions the excess
concentration can be found. These excess concentrations are shown in Fig.
1.4.
H(s)
HM
H 2
H 2O
backing surface
Pt
membrane
Figure 1.3. The density functions of the electrode surface.
With the help of these excess variables we deﬁne the surface as a surface in
local equilibrium according to Gibbs and can ﬁnd its excess entropy production
rate and be able to use thermodynamics and model the dynamic processes at
the surface. One can then write transport equations (ﬂuxes and driving forces)
for the surface. The ﬂuxes are here the mass ﬂuxes and the current density
(per unit of membrane area). The driving forces are jumps in chemical and
electric potentials at the surface, see [35] for more details.
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backing membrane
Pt
H(s)
Figure 1.4. Excess concentrations of the electrode surface.
1.3 Aim and outline of thesis
The aim of this doctoral work is to provide more experimental data that can
improve the current understanding of the physical processes taking place at the
electrodes in the PEM fuel cell. The data shall be reduced using a theoretical
model based on irreversible thermodynamics.
Modelling activities have increased the speed and reliability of the fuel cell
development. Also development of analytical techniques (SEM, CV, EIS and
more) that reveals the microstucure, function, interaction, and performance of
the components continues to advance the characterisation and optimisation of
the PEMFC.
The fundamental diﬃculties associated with fuel cell design stem from the
nonlinear coupling. Several tens of operational, transport, kinetic, and design
parameters which characterise fuel cells exists, most of them strongly linked
[6]. The fuel cell system must therefore be designed as a whole.
In order to understand this complex system it is necessary to have thorough
knowledge of the basic physical and chemical processes taking place in the sys-
tem. Only when the various processes are identiﬁed and one knows about their
relative eﬀects and how they interact, it is possible to construct models which
can describe the entire fuel cell system accurately. It is through development
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of such sophisticated models the fuel cell can be optimised both in respect of
high performance and high tolerance of impurities.
Electrochemical impedance spectroscopy (EIS) is the experimental tool that
is used here to investigate the system in situ [36, 33, 32, 27, 19]. To be able
to separate the anode and the cathode without using a reference electrode, we
used a symmetric cell with the same gas fed to both sides of the fuel cell.
In Chapter 2 we study the symmetric hydrogen fuel cell by EIS. The combina-
tion of a low frequency range and a low operating temperature do that we ﬁnd
that the rate-limiting step at the lowest frequencies is an adsorption/diﬀusion
process that gives us the Gerischer element in the equivalent circuit. This
shows that the porous carbon matrix plays an important part in the hydrogen
reduction reaction. The equivalent circuit is derived theoretically by using ir-
reversible thermodynamics. We shall use this to postulate a similar step in the
cathode.
In Chapter 3 we study the symmetric hydrogen cell by EIS and ﬁnd a third
rate-limiting step at the high frequencies. We assign this to the hydration of
protons at the platinum catalyst surface. We give the equivalent circuit for all
three steps (proton hydration, charge transfer and adsorption/diﬀusion) using
the electrode reactions and irreversible thermodynamics.
In Chapter 4 the anode is investigated when the hydrogen gas contains 103
ppm of CO. EIS is used to analyse losses when the fuel is contaminated. We
use the earlier developed equivalent circuit with the three rate-limiting steps
and analyse the diﬀerent losses and ﬁnd that the experiments support this
model. We see that the CO has a big inﬂuence of the charge transfer step.
In Chapter 5 the oxygen electrode is investigated and the anodic branch of
the Butler-Volmer equation for the ORR is discovered. The experimental data
are ﬁtted to the Butler-Volmer equation and the transfer factor and exchange
current density for the ORR is obtained. We assume from the results and
earlier experience that there are two rate limiting steps, the peroxide formation
and the proton dehydration.
Each chapter has been written as independent parts and are published in or
submitted to scientiﬁc journals.
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Abstract
We study the isothermal hydrogen adsorption and reaction at the E-TEK
electrode of a polymer electrolyte fuel cell with a Naﬁon 117 membrane
by impedance spectroscopy at 30◦C. We ﬁnd that the impedance diagram
must include a Gerischer phase element. Constant phase elements are
not suﬃcient to describe the experimental data. This means that an
adsorption reaction takes place in combination with surface diﬀusion
of hydrogen in the carbon layer located before the platinum surface,
separate from the charge transfer step at the platinum particle surface.
We are not able to distinguish between molecular or atomic hydrogen
diﬀusion on carbon. We predict and ﬁnd that the relaxation time of
the adsorption step is independent of the applied potential. Water may
also enter rate-limiting steps in the electrode reaction, but its role needs
further clariﬁcation.
2.1 Introduction
Electrochemical impedance spectroscopy (EIS) is an experimental technique
that can separate phenomena with diﬀerent relaxation times, and is thus useful
for determination of rate-limiting steps at electrode surfaces [37]. It has been
widely used, also in studies of rather complicated three-phase contacts [29, 38].
Such contacts are typical for fuel cell electrodes.
Most polymer fuel cell electrodes consist of a porous matrix of carbon black
that allow gas diﬀusion up to the catalyst (Pt) particles. The carbon layer is
up to a few hundred micrometre thick [39]. The gas will eventually react at the
catalyst, which is also in contact with the proton-conducting membrane elec-
trolyte. This contact is often enhanced by adding membrane polymer solution
to the catalyst layer, as described for instance in the Experimental section. A
complicating factor is the required presence of water in the membrane [29, 40].
Impedance studies on fuel cells have mostly concerned rate limiting processes
in the complete cell [29, 36, 41]. The cathode, or the oxygen electrode, will then
dominate the spectrum. We shall study the anode of the fuel cell; the hydrogen
electrode in a cell with two identical hydrogen electrodes. Recent impedance
studies of this electrode have been motivated by the need to understand the
CO tolerance of this electrode [30, 31]. As a background for such studies, it
is important to have a good understanding of the elementary steps concerning
hydrogen alone. Also, with the present discussion on the mode of hydrogen
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adsorption in carbon nanotubes [42], it is interesting to see if impedance studies
can give information on the role of carbon in the anode reaction.
The aim of the present investigation is to give experimental and theoretical
support to the ﬁrst step in the anode reaction. We shall see that this must
include a reversible reaction (the adsorption reaction) followed by diﬀusion of
the adsorbed species to the site where the charge transfer takes place. The
adsorption reaction takes place in a layer of a thickness estimated to be 200
µm, located around the Pt particles. Such an adsorption reaction has earlier
been allocated to the Pt particle itself; see, for example, the work of Chen and
Kucernak [43] who studied insulated Pt particles.
Various methods have been used to establish a theoretical background for the
impedance of a porous electrode. The porous electrode model, e.g. Weber
and Newman [44] consists of a network of normal and charge transfer resistors.
Taylor expansions around point values of non-linear equations for reaction
kinetic are since long used to ﬁnd the impedance [37, 36, 45]. Gomadam et
al. [41] derived impedances for composite electrode models, which treat the
composite electrode as a superposition of two continuous phases; one phase is
a pure ion conductor, and the other phase is a pure electronic conductor. The
fractal structure of these materials can also explain the typically depressed
semicircles [46].
Pugazhendi et al. [38] divided the heterogeneous region into bulk parts and sur-
faces, and treated the surface as a two-dimensional system according to Gibbs
[47], with surface properties integrated out to give excess variables. The excess
energy dissipation at the electrode (or the excess entropy production) of the
surface was used in the derivation of the surface impedance. We shall use this
method, which is always in agreement with the second law of thermodynamics.
The aim of the study is then, from a chosen model, to ﬁrst predict an impedance
spectrum of the anode. We shall next use the obtained relations, to obtain
properties of the electrode from experimental results. We shall see that the
experiments give support to a reaction-diﬀusion step as the ﬁrst steps in the
electrode reaction. We report ﬁndings for a common membrane electrode as-
sembly, namely the E-TEK electrode with 0.5 mg Pt/cm2 and a Naﬁon 117
membrane. It is common to assume that the rate-limiting process in the elec-
trode backing of the anode (as well as the cathode) is diﬀusion in the gas phase
[29, 30, 36]. The good ﬁt of the data that we obtain to a Gerischer phase ele-
ment, indicates that the reversible adsorption reaction of hydrogen to carbon
black along the pore walls and the subsequent diﬀusion along the surface to the
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catalyst plays a more important role than assumed previously. Gerischer phase
elements have been observed for porous electrodes before, but only in the solid
oxide fuel cell [48, 49]. The results do not discriminate between molecular or
atomic adsorbed hydrogen.
The paper is organised as follows. We derive the impedance of the hydrogen
electrode using a two-layer model in sections 2.2 and 2.3. The ﬁrst layer
is that of the porous carbon layer supporting the catalyst particles, the so-
called adsorption-diﬀusion layer. The next layer is the surface layer of the
catalyst, where the charge transfer reaction takes place. The experiments and
the results, that conﬁrm this model, are described in section 2.4 and 2.5 and
discussed in section 2.6.
2.2 The electrode reactions
Our theoretical model uses that only a small part of the platinum particle
has an interface with the gas in the pores, so that only a few active sites
are accessible directly from the gas. To reach most of the active sites on the
Pt surface, the hydrogen molecules must ﬁrst adsorb to one of the surfaces
involved (the gas-carbon, the gas-membrane or the gas-Pt surface), and then
move to the rest of the Pt surface by diﬀusion along the mentioned surfaces.
They arrive at the active sites after passing some three phase contact lines.
Hydrogen molecules cannot go directly to the contact line from the gas phase.
This would lead to an inﬁnite velocity of the gas close to the contact line,
which is impossible. Early adsorption on a surface is therefore crucial for the
hydrogen to reach most of the active sites on the Pt surface. As the area of the
Pt surface that is accessible to the gas is only a fraction of the porous carbon
surface, we have assumed that the absorption/desorption on the walls of the
pores is the dominant process in our description. As we shall document this
process is (relatively) slow.
In our model we assume that hydrogen gas is absorbed continuously along the
pores in the carbon matrix:
1
2
H2(g)→ 12H2(a) (ad-1)
The adsorption reaction is labelled ad, and a refers to the anode. Hydrogen
proceeds to diﬀuse along the pore surface to the platinum catalyst, located
between the porous carbon matrix and the cation exchange membrane. During
the diﬀusion process some of the hydrogen desorbs to form molecular hydrogen
in the gas phase again. This reversibility in the adsorption/desorption reaction
2.2 The electrode reactions 15
is characteristic of a system that leads to a Gerischer impedance. The reaction
for chemisorption
1
2
H2(g)→ H(a) (ad-2)
will lead to the same type impedance.
Most reports assume physisorbed gas molecules, so we proceed with model
(ad-1) and assume that the adsorption has ﬁrst order reaction kinetics in both
directions:
r(x, t) =
1
2
kaH2c
g
H2 −
1
2
kdH2c
a
H2 (x, t) (2.1)
We use a course-grained description in which both concentrations are given in
mol/m3. The concentration cgH2 is the gas concentration in the pores times
the porosity of the carbon layer. The course-grained concentration caH2 is the
surface excess concentration in mol/m2 times the surface area of the pores per
unit of volume in m−1. The constants kaH2 and k
d
H2
are rate constants of the
reaction. The reaction
1
2
H2(a)→ H(s) (ad-3)
takes place at the metal surface, denoted s, see e.g. Chen and Kucernak [43],
if not before, cf. Eq. (ad-2). In the Volmer mechanism, the surface atom
in active sites on the surface of the platinum dissociates into protons in the
membrane and electrons in the electronically conducting carbon matrix:
H(s)→ H+(m) + e−(a) (ct)
The charge transfer reaction is labelled ct. A recent discussion of the relevant
sites on Pt, that are active in the reaction, is given by Chen and Kucernak
[43].
In summary, we have a model where adsorption takes place in a reaction-
diﬀusion layer located before the catalyst surface, while charge transfer takes
place at the metal particle surface, i.e. at the catalyst surface. The thickness
of the carbon matrix in the experiment is in the order of 0.2 mm, while the
thickness of the catalyst layer is in the order of 0.01 mm. In the theory given
below we use a continuous model for the carbon matrix while it is suﬃcient to
use a sharp interface for the catalyst layer, see Kjelstrup et al.[45] for further
explanations.
The reaction Gibbs energy of the adsorption reaction is:
∆rGsad(x, t) =
1
2
(
µaH2(x, t)− µgH2
)
(2.2)
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We assume equilibrium in the reaction (ad-3), giving the relation 2µsH =
µaH2(x = 0) between the chemical potential of hydrogen just before the surface
and the chemical potential of atoms at the surface. Here x = 0 indicates the
position of the catalyst surface. The hydrogen gas in the experiment has a
constant (independent of position and time) pressure, leading to a constant
µgH2 . The bulk anode is located at x < 0 and the membrane at x > 0. In our
coarse grained description, transport takes place along a coordinate normal to
the surface of the membrane. All variables are then independent of coordinates
parallel to the surface.
In order to describe the electrochemical processes at the surface, we need the
change in Gibbs energy at the surface, due to the neutral species:
∆nGsct(t) = −µsH(t) ≡ −
1
2
µaH2(x = 0, t) (2.3)
For the total electrode reaction, we then have
∆nGs = ∆rGsad(x = 0, t) + ∆nG
s
ct(t) = −
1
2
µgH2 (2.4)
We can take the catalyst surface to be electro-neutral, by choosing its thickness
such that the adsorptions (in mol/m2) of protons, ΓH+ , and of electrons, Γe−
are equal. Each excess proton near the metal surface therefore forms a dipole
with an excess electron in the metal surface. We deﬁne the adsorption of the
dipoles by:
Γp(t) ≡ ΓH+(t) (2.5)
The chemical potential of the dipoles formed by adsorbed proton-electron pairs
at the catalyst is given by Bedeaux and Kjelstrup [50]:
µsp(t) ≡ µsH+(t) + µse−(t) = µmH+(x = 0, t) + µae−(x = 0, t) (2.6)
A superscript m indicates a property of the membrane. The chemical potential
of the dipoles is
µsp = µ
s,0
p + 2RT ln
(
γspΓp/Γ
0
p
)
(2.7)
where Γ0p is the standard excess concentration of adsorbed dipoles, γsp is the
activity coeﬃcient and µs,0p is the standard chemical potential.
One often refers to the layer in front of the metal surface containing the protons
as the double layer and the excess electron density of the metal surface as
the charge density of the surface. Our description above clariﬁes that these
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two layers in combination are electroneutral and form a dipole layer. The
polarisation P s we ﬁnd, cf. Eqs. (2.9) and (2.11), is nothing else than the
polarisation due to the double layer and csp used in Eq. (2.11) is the capacitance
of the double layer.
The charge transfer reaction (ct) increases the number of adsorbed dipoles
while the electric current j decreases it, therefore
d
dt
Γp = rsct −
j
F
(2.8)
where rsct refers to the reaction rate, and F is Faraday's constant. The surface
polarisation in the direction normal to the surface is equal to the dipole concen-
tration times Faraday's constant, F , times the average distance, ds, between
the charges
P s = dsFΓp (2.9)
With a constant ds it follows that the surface polarisation and the adsorption
of dipoles depend on each other. By eliminating Γp from Eq. (2.8), we obtain
rsct =
1
F
(
j +
1
ds
d
dt
P s
)
(2.10)
The surface polarisation divided by the surface thickness gives the surface
potential diﬀerence times the capacitance of the dipole layer, cp
P s
ds
= FΓp = csp∆sφ (2.11)
It is common to assume that there is equilibrium for water across the pore
channel, across the catalyst surface and into the membrane. We shall also use
this assumption in our ﬁrst calculation.
2.3 The electrode impedance
2.3.1 The variables in the oscillating ﬁeld
Impedances are measured as a function of the frequency ω of the alternating
potential, in the presence of a constant applied potential. The cell under
investigation is symmetric, so we consider the potential diﬀerence between the
anode and the centre of the membrane:
∆φ = ∆φdc +∆φac exp(iωt) (2.12)
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The potential diﬀerence between the centre of the membrane and the cathode
is the same. We can disregard the contribution to the emf of the two hydrogen
electrodes. They are equal and opposite, and in the total cell potential they
cancel each other. Each contribution is then the sum of the potential diﬀerence
across one surface and half the membrane:
∆φdc = ∆sφdc +
1
2
∆mφdc and ∆φac = ∆sφac +
1
2
∆mφac (2.13)
The electric current similarly has a dc and an ac contribution
j = jdc + jac exp(iωt) (2.14)
In the membrane, which conducts by protons, one has
∆mφdc = rmjdc and ∆mφac = rmjac (2.15)
The corresponding relations for the potential diﬀerences across the surface is
derived below.
The surface polarisation can also be written as the sum of a stationary and an
oscillating contribution
P s = P sdc + P
s
ac exp(iωt) (2.16)
For the dc and the ac contributions to rsct this gives, using Eq. (2.10),
rsct,dc =
1
F
jdc and rsct,ac =
1
F
(
jac +
iωP sac
ds
)
(2.17)
2.3.2 The adsorption-diﬀusion layer in front of the catalyst
The time dependence of the concentration of hydrogen at position x in the
anode is given by
∂caH2 (x, t)
∂t
= −∂J
a
H2 (x, t)
∂x
+
1
2
kaH2c
g
H2 −
1
2
kdH2c
a
H2 (x, t) (2.18)
where
JaH2 (x, t) = −DaH2
∂caH2 (x, t)
∂x
(2.19)
is the coarse grained diﬀusion ﬂux (in mol/m2s) of molecular hydrogen along
the surface of the pores in the carbon matrix to the catalyst surface at x = 0
and DaH2 is the diﬀusion constant (in m
2/s). Equilibrium in the adsorption
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reaction gives, using Eq. (2.1), the equilibrium concentration of adsorbed
hydrogen
caH2,eq = c
g
H2
kaH2
kdH2
(2.20)
The rate coeﬃcients may depend on the state of the surface, whether it is
polarised or not, and on the pressure. The constant hydrogen pressure in
the pore gives a constant gas concentration, caH2 and therefore also a constant
value for caH2,eq. We use linear kinetics for the adsorption-desorption reaction.
As we will discuss in section 2.6.3 the absorption of hydrogen is well below
saturation, so that linear kinetics is appropriate for this reaction. We introduce
the deviation from the equilibrium concentration
caH2 (x, t) ≡ caH2,eq + δcaH2 (x, t) (2.21)
Equation 2.18 then becomes for δcaH2
∂δcaH2 (x, t)
∂t
= DaH2
∂2δcaH2 (x)
∂x2
− 1
2
kdH2δc
a
H2 (x, t) (2.22)
For a dc electric current Eq. (2.22) reduces to
0 = DaH2
∂2δcaH2,dc (x)
∂x2
− 1
2
kdH2δc
a
H2,dc (x) (2.23)
The solution is given by
δcaH2,dc (x) = −
jdc
F
√
2DaH2k
d
H2
exp
(
x
√
kdH2
2DaH2
)
(2.24)
where we used
2JaH2 (x = 0) = r
s
ct,dc = r
s
ad,dc = jdc/F (2.25)
We see from Eq. (2.24) that δcaH2,dc is negative when jdc > 0 and positive when
jdc < 0.
When the thickness d of the carbon layer is smaller than
√
2DaH2/k
d
H2 one
should use that the diﬀusion ﬂux in x = −d is zero. One must then replace
exp
[
x
√
kdH2/2D
a
H2
]
by
cosh
[
(x+ d)
√
kdH2/2D
a
H2
]
/ cosh
[
d
√
kdH2/2D
a
H2
]
in Eqs. (2.24) and (2.29)
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and make a similar replacement in Eqs. (2.32) and (2.34). This implies that the
mass transport at low frequencies will be reduced compared to the expressions
given. The further analysis is not aﬀected.
We use
µaH2 (x, t) = µ
a,0
H2 +RT ln
(
caH2 (x, t)
ca,0H2
)
= µa,0H2 +RT ln
(
caH2,eq
c a,0H2
)
+RT ln
(
caH2 (x, t)
caH2,eq
)
= µaH2,eq +RT ln
(
caH2 (x, t)
caH2,eq
)
(2.26)
for the chemical potential of hydrogen, where µ a,0H2 and c
a,0
H2 are standard values.
To linear order in δcaH this gives
µaH2 (x, t) = µ
a
H2,eq +RT ln
(
1 +
δcaH2 (x, t)
caH2,eq
)
(2.27)
= µaH2,eq +RT
δcaH2(x, t)
caH2,eq
(2.28)
By introducing Eq. (2.24) we obtain
µaH2,dc (x) = µ
a
H2,eq −
jdcRT
FcaH2,eq
√
2DaH2k
d
H2
exp
(
x
√
kdH2
2D aH2
)
(2.29)
The total Gibbs energy change over the whole layer becomes
∆rGad,dc = µsH,dc −
1
2
µgH2
=
1
2
[
µaH2,dc (x = 0)− µaH2,dc (x = −∞)
]
= − jdcRT
2FcaH2,eq
√
2DaH2k
d
H2
(2.30)
∆rGad,dc gives a contribution to the surface potential drop via
δµaH2,dc (x = 0).
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The ac contribution to caH2 (x, t) is also small. Eq. (2.22) together with Eq.
(2.19) therefore reduces to
iωδcaH2,ac (x) = D
a
H2
∂2δcaH2,ac (x)
∂x2
− 1
2
kdH2δc
a
H2,ac (x) (2.31)
The solution to Eq. (2.31) becomes
δcaH2,ac(x) = −A exp
[
x
√
kdH2
2DaH2
(1 + iωτad)
]
(2.32)
where the relaxation time in the adsorption is
τad =
2
kdH2
=
2caH2,eq
kaH2c
g
H2
(2.33)
We used Eq. (2.20) in the last equality. The constant A in Eq. (2.32) must be
determined from the boundary condition in x = 0. The resulting contribution
to the chemical potential, cf. Eq. (2.28), due to the ac current is
µaH2,ac (x) = RTδc
a
H2,ac (x) /c
a
H2,eq
= −ART
caH2,eq
exp
[
x
√
kdH2
2DaH2
(1 + iωτad)
]
(2.34)
The contribution due to a small dc current has already been given as the second
term on the right hand side of Eq. (2.29).
The total amount of adsorbed hydrogen molecules on the pore surface due to
the ac current, is
naH2,ac =
∫ 0
−∞
δcaH2,ac (x) dx = −A
√
2DaH2
kdH2(1 + iωτad)
(2.35)
The ac contribution to the reaction rate for the adsorption reaction is then
given by
rsad,ac = −kdH2
∫ 0
−∞
δcaH2,ac (x) dx = −kdH2n aH2,ac = A
√
2DaH2k
d
H2
1 + iωτad
(2.36)
The corresponding reaction rate for the charge transfer reaction is given by
rsct,ac = 2J
a
H2 (x = 0) = A
√
2DaH2k
d
H2(1 + iωτad)
= (1 + iωτ ad)r
s,a
ad,ac (2.37)
22 Chapter 2. Gerischer phase element in the impedance diagram. . .
The ac contribution to the reaction Gibbs energy of the adsorption is
∆rGad,ac =
1
2
(µaH2,ac(x = 0)− µgH2,ac)
=
1
2
µaH2,ac (x = 0) = −
ART
2caH2,eq
(2.38)
where we used Eq. (2.34). By eliminating A in Eq. (2.38) using Eq. 2.37 we
ﬁnd,
∆rGad,ac = −ZadF 2rsct,ac (2.39)
where
Zad =
RT
2F 2caH2,eq
√
2DaH2k
d
H2 (1 + iωτad)
(2.40)
With chemisorption of atomic hydrogen at the surface (reaction ad-2), the
corresponding equation becomes:
Zad-2 =
RT
F 2caH,eq
√
2DaHk
d
Hc
a
H,eq (1 + iωτad)
(2.41)
where the diﬀusion coeﬃcient, the reaction coeﬃcients and the equilibrium
concentration at the surface now refer to atomic hydrogen, cf. Eq. (ad-2).
These are impedances of a Gerischer element, and we shall see that exper-
imental results for the hydrogen electrode of the fuel cell ﬁt well to such an
element, while e.g. a Warburg element or other elements can only be ﬁtted with
larger inaccuracies or do not describe the measurements at all. The expressions
show that the impedance becomes smaller as the equilibrium adsorption of the
hydrogen to the pore surface in the carbon matrix becomes larger. The two
impedances diﬀer in their dependence on this concentration.
2.3.3 The charge transfer reaction at the catalyst surface
Consider next the catalyst surface, or the interface between the membrane and
the adsorption-diﬀusion layer in the electrode. The excess entropy production
rate of this surface, σsct, contains the information about the surface dynamics.
For isothermal conditions, the contribution due to the alternating ﬁeld is [50]:
Tσsct,ac = −jac∆sφac + iωP sct,ac
(
D −Dseq
ε0
)
ac
− rsct,ac∆nGsct,ac (2.42)
TheD in this equation is the displacement ﬁeld and ε0 is the dielectric constant
of vacuum. The equilibrium displacement ﬁeld is zero for free charges, Dseq = 0.
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The displacement ﬁeld is given by D = −ε0∆sφac/ds. Using Eq. (2.17) for the
ac contribution one obtains
Tσsct,ac = −rsct,ac
(
∆nGsct,ac + F∆sφac
)
(2.43)
The theory of non-equilibrium thermodynamics prescribes that the force and
the ﬂux are related by
∆sφac +
∆nGsct,ac
F
= −ρsctFrsct,ac (2.44)
where ρsct is the resistivity of the charge transfer reaction. The electrochemical
reaction rate is normally not related to its driving force by a linear relation.
In this experiment, the alternating contribution to the forces are small (±5
mV), however, so that we can use a linear theory. Also, it is likely that the
combination of the two terms on the right hand side of Eq. (2.43) is smaller
in absolute value than one of the terms. The adsorption-diﬀusion layer has an
impact on∆sφac, through the chemical potential of hydrogen atoms at position
x = 0. The resistivity is independent of the driving force, but can depend on
the temperature and the polarisation induced by the dc-ﬁeld.
The dc contribution to the excess entropy production rate is found using ω = 0
and jdc = Frsct,dc. This gives
Tσsct,dc = −jdc
(
∆sφdc +
∆nGsct,dc
F
)
(2.45)
For small dc-currents the linear law is thus:
∆sφdc +
∆nGsct,dc
F
= −ρsctFrsct,dc = −ρsctjdc (2.46)
which is exactly the same relation as for the ac current, Eq. (2.44).
2.3.4 The surface impedance and surface properties
The impedance of the catalyst surface is deﬁned as:
Zs ≡ −∆sφac
jac
(2.47)
We ﬁnd the surface impedance by adding Eqs. (2.39) and (2.44). This gives:
∆sφac +
∆nGsac
F
= ∆sφac = − (ρsct + Zad)Frsct,ac (2.48)
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where we used that the chemical potential of the hydrogen gas is constant, cf.
Eq. (2.4). It furthermore follows from Eqs. (2.10) and (2.11) that
Frsct,ac = jac + iωc
s
p∆sφac (2.49)
By combining Eqs. (2.47)-(2.49), we obtain the impedance of the surface
Zs =
ρsct + Zad
1 + iωcsp
(
ρsct + Zad
) (2.50)
When ω →∞, we see that:
Zsω→∞ = 0 (2.51)
In the present experiments, we measure the response of two identically made
electrodes plus membrane electrolyte. When a dc current is passing the cell,
one electrode will be a sink for hydrogen, while the other will be a source for
hydrogen. The impedances of the two electrodes are the same, however. Both
electrodes therefore give the same contribution to the measurement, also when
the electrodes are polarised. In terms of the measured impedance, Zcell, and
the membrane impedance, Zmem, the impedance of one electrode is then:
Zs =
1
2
(Zcell − Zmem) (2.52)
The membrane impedance is found from Eq. (2.50) by taking the limit of Zcell
for ω → ∞. The results that are calculated for Zs from Eq. (2.52), can be
ﬁtted to formula (2.50) using Eq. (2.40) for Zad.
With the heterogeneous catalyst surface one may expect a non-ideal contribu-
tion to the impedance. A constant phase element (CPE) shall thus be used,
rather than a capacitance in parallel with the resistance. The CPE is deﬁned
by its impedance:
ZCPE =
1
Tct(iω)αct
(2.53)
The phase angle of the CPE is constant and independent of the frequency.
When αct=1, Tct= csp. The more depressed the semi-circle is, the lower is the
α-value. We deﬁne the relaxation time:
τct = (Tctρct)1/αct (2.54)
The limiting behaviour ω → 0 gives:
Zsω→0 = Zω→0,ad + ρct (2.55)
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The ﬁt of the experimental results to the theoretical expressions gave Y0 and
τad in the following expression for Zad:
Zad =
1
Y0
√
τ−1ad + iω
(2.56)
with the relaxation time, τad = 2/kdH2 , see Eq. (2.33). According to model (ad-
1) the relaxation time is constant. According to model (ad-2), the correspond-
ing relaxation time depends on the square root of the hydrogen concentration
in the gas phase, with τad = (2kHcH,eq)−1 = 2
√
cgH2k
a
H2kH. The admittance is,
with adsorption of molecular hydrogen, model (ad-1):
Y0 =
4F 2
RT
caH2,eq
√
DaH2 (2.57)
and with adsorption of atomic hydrogen, model (ad-2):
Y0 =
F 2
RT
caH,eq
√
2DaHτadk
d
Hc
a
H,eq =
F 2
RT
caH,eq
√
DaH (2.58)
We see that knowledge of the diﬀusion constant for the hydrogen molecule
(or atom) along the pore, enables us to calculate the concentrations of the
adsorbed species from the equation above. The admittance may depend on
the applied potential if the kinetic constants and the adsorption depends on
this parameter.
2.4 Experimental
2.4.1 The membrane-electrode assembly
The electrodes in this study were E-TEK gas diﬀusion electrodes
(Elat/Std/DS/V2) with 0.5 mg/cm2 Pt loading and 20% Pt/C. The electrodes
were sprayed with a 5 wt% Naﬁon solution to give 0.6 mg/cm2. The cell
membrane and electrode assembly (MEA) consisted of two such electrodes
separated by a Naﬁon 117 membrane. The membrane was pre-treated using
a standard procedure, as described for instance by Møller-Holst [51]. The
mechanical pressure over the MEA was 4.2 bar, controlled by a pneumatic
cylinder. The same hydrogen pressure of 1 bar was used on the two sides.
The MEAs were tested in a test-station developed by Møller-Holst [51] and
Vie [39]. The fuel cell was a circular single cell with an electrode area of 4.91
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cm2. The fuel cell housing was made of stainless steel (SS-316) and was sup-
ported by two pistons (SS-316). At the top of the pistons, there were ﬂow
ﬁelds in a serpentine pattern. The pistons also served as current collectors and
thermostats. They contained heating elements inside. Thermocouples in the
cell housing measured the temperature in the electrode backings. The temper-
atures were controlled by a PID controller (Eurotherm 2408) to 30.0±0.1oC.
The cell voltage was measured between the pistons' tops.
Care was taken to always use new MEA preparations, as a certain ageing eﬀect
was observed if the same MEA was used for more than 30 experiments. It has
been shown that, for instance, agglomeration of Pt particles take place over
time when the system is under stress [52], with the important eﬀect that the
available surface area is reduced.
2.4.2 The gas humidiﬁcation system
The hydrogen gas (99.999% purity from AGA) was humidiﬁed at 80oC outside
the cell, making sure that the gas and MEA were always saturated with water.
The gases were humidiﬁed in a gas-humidifying system developed by Vie [39]
before entering the fuel cell. There are two humidiﬁers, one for the cathode
and one for the anode. The temperatures of the humidiﬁers were controlled
independently of one another.
The dry gas entered at the top of the humidiﬁer tank and was preheated in
a heating coil. The gas was then bubbled through a glass-sieve and ﬁnely
dispersed into an 800 ml internal container ﬁlled with water at a given tem-
perature. The small internal container was placed in a larger 10 l tank also
ﬁlled with water. This outer container was heated by an electrical heating
tape. This ensures a stable temperature of the gas. The humidiﬁed gas left
the humidiﬁer at the top of the internal container and entered next the fuel cell
system. Saturation of the gases at the given temperature can then be assumed.
The humidifying temperature was always higher than the cell temperature to
prevent the MEA from drying out when electric current was passing the cell. A
gas ﬂow of 20 ml per minute prevented problems with condensing water. This
ﬂow rate did not pose any limitations on the spectra observed, see however
Kim et al. [31] who studied CO adsorption and found ﬂow rate eﬀects at low
gas ﬂow rates.
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2.4.3 Impedance measurements (EIS)
The impedance of the cell described above was measured at 30oC for ﬁve
diﬀerent applied potentials. The applied potentials were 10, 20, 30, 50 and 60
mV. These potentials gave all the small current density required for validity of
the theoretical derivations.
The impedance spectra were recorded using a PAR 263A potentiostat and a
Solartron 1260 FRA. Z-plot software from Scribner Associates, Inc. was used
to run the experiments. Measurements were made in a two-electrode set-up.
The impedance was obtained by sweeping over the frequency range from 10
kHz to 10 mHz, recording 12 steps/decade for each constant applied potential.
An amplitude of 5 mV was used. In our experience, amplitudes larger than this
can make a signiﬁcant change in the spectrum. This is noteworthy, since many
investigations are done with an amplitude of 10 mV [30] or more. The current
density that corresponded to a particular applied potential was recorded before
and after the impedance measurement, to check if the cell was stable. Results
were discarded if the current density changed by more than 5%.
2.4.4 Cyclic voltammetry (CV)
The reproducibility of each cell's performance was also investigated by cyclic
voltammetry. Voltammograms were recorded with the PAR 263A and Cor-
rWare software (Scribner) for the same cell as in the impedance experiments.
The reference side of the system was then fed with hydrogen gas, while the
working side contained nitrogen gas, also 99.999% purity (AGA). Voltammetry
experiments were done before and after every series of impedance measure-
ments. The scan rate was 50 mV/s, and the applied potential varied between
0.04 V and 1.5 V. The temperature was 30◦C. One such voltammogram is
shown in Fig. 2.1. It did not change by more than 5% from the start to the
end of the series of EIS experiments.
We determined the integral under the curve between the boundary values 0.4
and 0.05 V, subtracting the constant basis value of 14 mC/cm2, believed to
be due to the electro-neutral layer of H(ads) [53]. The integration was done
with Z-View (Scribner), giving an adsorption of protons of QH(mC/cm2 =
23 mC/cm2 or 2.4×10−7 mol/ cm2. This charge was converted to a surface
area, using as basis the adsorption of a hydrogen mono-layer on bright Pt (210
µC/cm2 Pt [53]). For the Pt content used here (0.5 mg Pt/cm2), the result
was 22 m2 Pt/g Pt. Ciureanu and Wang [30] found an electrochemical surface
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Figure 2.1. Cyclic voltammetry results for the cell in Fig. 2.2. The working
electrode compartment contained pure N2 and the scan rate was 50 mV/s
area of 14 m2 Pt/g Pt in a similar calculation for a surface with a larger Pt
loading, while Springer et al. [52] found 24 m2 Pt/g Pt for new MEAs, similar
to ours.
These tests all mean that the surface conditions did not change signiﬁcantly
for the series of measurements that were performed. This also mean that our
MEA can be compared to similar MEAs documented in the literature, and
that they therefore appear to be typical for the polymer electrolyte fuel cell
anode.
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2.5 Results
The EIS experiments are represented by Figs. 2.2 and 2.3 and Table 2.1. The
spectra are given as Nyquist plots of Zcell according to
Zcell = Z(Re)cell + iZ(Im)cell (2.59)
A typical EIS for a cell with unpolarised, new MEAs is shown in Fig. 2.2a,
the left curve. The spectrum of a cell with an applied dc potential of 50 mV
is also shown, the right curve. Fig. 2.3 shows the diﬀerence between the ﬁrst
and the 30'th experiments in an unpolarised cell, i.e. the ageing eﬀect of the
impedance.
The spectra were ﬁtted as described in section 2.3.4, and the variables derived
are given in Table 2.1. The variation in the variables of the spectrum with
applied potential is seen in detail in this table.
Table 2.1. Fit of experimental results for the fuel cell hydrogen electrode in Fig.
2.2 according to section 2.3.4. Electrodes are E-TEK, Elat/Std/DS/V2 0.5
mg Pt/cm2, 20 Pt/C, impregnated with 0.6 mg Naﬁon/cm2 (5 wt% solution).
The membrane is Naﬁon 117. The cell temperature is 30◦C and the hydrogen
pressure is 1 bar. The applied potential refers to the whole cell. The ﬁts gave all
a Naﬁon membrane area resistance of 0.51±0.01 Ω cm2 and αct = 0.61±0.02
∆φdc ρct T ct Y0 τad
(mV) (Ω cm2) (sαct/Ω cm2) (s1/2/Ω cm2) (s)
0 0.063±0.002 0.14±0.02 210±30 6
10 0.072±0.003 0.13±0.02 190±20 8
20 0.076±0.003 0.12±0.01 170±20 8
30 0.081±0.003 0.12±0.01 160±20 8
50 0.084±0.003 0.11±0.02 130±10 8
60 0.087±0.004 0.10±0.01 120±10 8
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Figure 2.2. (a) The impedance spectrum of a cell with two identical, new hydro-
gen fuel cell membrane electrodes and a proton-conducting, water-ﬁlled mem-
brane. The electrodes are E-TEK assemblies and the membrane is Naﬁon 117.
The hydrogen gas saturated with water has a pressure of 1 bar, and the cell
temperature is 30oC. The applied potential is 0 (left curve) and 50 mV (right
curve). Lines represent the ﬁtted data. (b) The last arc magniﬁed for the
unpolarised electrode. (c) The last arc magniﬁed for the 50 mV experiment.
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Figure 2.3. The impedance spectrum of an unpolarised cell with two identical
hydrogen fuel cell membrane electrodes and a proton-conducting, water-ﬁlled
membrane. The electrodes are E-TEK assemblies and the membrane is Naﬁon
117. The hydrogen gas saturated with water has a pressure of 1 bar, and the
cell temperature is 30oC. To the left, the impedance of a new MEA, and to the
right, the same MEA after 30 experiments. Lines represent the ﬁtted data.
2.6 Discussion
The ﬁrst conclusion to be made is that the high frequency intercept with the
real axis in Fig. 2.2 is remarkably constant in all spectra recorded, it is 0.50 ±
0.02 Ω cm2 in Table 2.1, and does not vary more than 5% between the samples
investigated. The value, which is the area resistance of the Naﬁon 117 mem-
brane in the cell, is in good agreement with results reported in the literature
[40] for the same membrane and 25◦C. The reproducible value can be taken
as experimental support for a reproducible sample preparation method. We
can thus expect the same agglomeration level of catalyst particles, or fractality
in the materials, between the samples that were investigated. The absence of
inductance is also a good sign. Therefore, in spite of the complicated hetero-
geneous structure of the electrode, we believe that the observations reﬂect real
electrochemical processes, rather than instrument artifacts.
2.6.1 The Gerischer element
Our most interesting experimental ﬁnding is the low frequency semicircle in
the impedance diagram. We ﬁnd that this can only be ﬁtted in a meaning-
ful way to a Gerischer phase element. A ﬁt to a Warburg impedance is not
possible, as such an element does not turn to the axis, but continues at a
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45◦ angle. The behaviour seen in Fig. 2.2 is in sharp contrast to results for
the hydrogen oxidation reaction on Pt electrodes in acid solutions, a reaction
which is diﬀusion controlled [54]. Similarly shaped arcs have been seen before
[31, 48], but only Gonzales-Cuenza et al. [48] have used a Gerischer element in
their interpretation (for a porous solid oxide fuel cell electrode). A Gerischer
element has not previously been reported for this electrode.
Alternative circuits were tried like the Randle's circuit and the same circuit
with CPE. When ﬁtted to a Randle's type circuit with two CPE, the last arc
gave an α value of 0.50 ±0.02, a clear indication of a Gerischer type element.
None of the alternative ﬁts had the accuracy we found when a Gerischer el-
ement was used (around 10% in the ﬁtted variable Y0, see Table 2.1). Self
similar (fractal) surfaces have a depressed semi-circle, it is however symmetric
unlike the Gerischer [46, 55]. In addition, we found studying the ageing of
the cell, that the Gerischer element was unchanged in the experiments (Fig.
2.3). The layer in front of the catalyst is thus not ageing, in agreement with
the view that ageing involves agglomeration of Pt particles [52]. We therefore
have conﬁdence in the conclusion that the electrode mechanism must include a
step which involves adsorption combined with diﬀusion. We proceed to discuss
possible relevant models in section 2.6.3.
For comparison, Ciureanu and Wang [30] obtained an α-value of 0.7 for the
second arc in their spectrum. They found that this arc did neither depend on
the gas ﬂow rates between 20 and 1200 sccm, nor on ω−1/2, and allocated the
arc to hydrogen adsorption at the Pt- surface. In our view their evidence is
not conclusive for such an allocation, see also the discussion below.
In their study of the whole fuel cell, Paganin et al. [29] also found a low
frequency arc at 10 mHz, where we see our second arc. These authors allocated
the arc to water diﬀusion, because it depended on the membrane thickness.
This allocation cannot be correct, since such a phenomenon would give a more
Warburg-like behaviour. Furthermore, the fractal nature of the material can
explain a depression like the one described by a constant phase elements, but
it cannot explain a Gerischer element.
As a remaining possibility, we discuss the possibility that the present Gerischer
element can be allocated to reaction and diﬀusion on the membrane side of the
electrode surface. On the membrane side a reaction must involve charged or
polarised species (protons and water). Such processes are not expected to be
slow and have a relaxation time in the order of seconds, as observed here.
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2.6.2 The high frequency regime
The high frequency regime of the impedance diagram, is according to the
theory of Section 2.3, Eq. (2.49), related to the charge transfer step. It is
immediately clear, however, that the peak is not a perfect semicircle. In some
experiments it appeared as one depressed semi-circle, but in others, like shown
here, a shoulder could be seen on the right hand side of the (depressed) peak.
There is such a shoulder in the unpolarised as well as the polarised electrode
(see Fig. 2.2).
The heterogeneity of the electrode may cause a depression of the arc like the
one we and others have observed. This has also motivated us and others [30]
to ﬁt this part of the circle to a constant phase element. The value of the
variable αct in the ﬁt of the diagram to such an element was 0.61±0.02 for all
applied dc-potentials (see the heading of Table 2.1).
The shoulder indicates that a third phenomenon is present. We expect that
water may be rate-limiting for the electrode reaction in some contexts. We have
assumed that there is equilibrium for water everywhere, but the formation of
this equilibrium may not be so fast that this assumption is correct. A rate-
limiting role for water, which has been proposed also by others [29, 40, 56],
requires a revision of the theory given above. We have chosen to postpone a
detailed revision of the theory, and focus on the implications of the Gerischer
element. For the time being, we regard the ﬁrst part of the diagram in a
qualitative manner. The part reﬂects the charge transfer step and possibly a
proton hydration step. The relaxation times for both possible steps are around
a millisecond.
In order to derive system properties from the diagram, a ﬁt was made as
described in section 2.3.4. Neither Tct nor ρct obtained from this ﬁt, varied
much with the applied potential (see Table 2.1). The resulting τct, calculated
using Eq. (2.54), is 4.6(±0.4) × 10−4 s for all applied dc-potentials. Tct and
ρct did vary with the number of experiments, however (Fig. 2.3). This may
be typical for a low resistance electrode like the hydrogen electrode. We shall
discuss the details in this part of the diagram in a report to come, and return
now to the low frequency part.
2.6.3 The adsorption reaction on pore walls in the carbon backing
A number of questions arise from the conclusion that there is Gerischer element
in the equivalent circuit. If the data shows that there is an adsorption - reaction
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process present, how sure can we be that it takes place along the pore walls in
the carbon backing and not at the Pt- particles? After all, Chen and Kuzernak
[43] found, using Pt on carbon as a catalyst, that an adsorption step took place
in front of the charge transfer step on the submicron Pt particles. The carbon
was not exposed to hydrogen in this case, however. But, how sure can we be,
that hydrogen diﬀuses as a molecule and not as an atom before it reaches the
surface? Can we understand the kinetic parameters, that we obtain for the
adsorption reaction, for one model, but not for the other? And ﬁnally, what
are the possible consequences of the ﬁnding?
Let us discuss the location of the reaction diﬀusion process ﬁrst. It is true that
equations can be obtained with the exact same form as given above, but with a
Gerischer type element valid for the catalyst surface instead as for the porous
carbon phase. We need only assume that the reaction (ad) and the diﬀusion
takes place at a diﬀerent location. The consequences of such a shift are several,
however, and we shall argue against them below, mainly from implications for
the system's properties.
We can ﬁrst observe that the relaxation time τad is constant with the applied dc
potential in the experiments (see the last row of Table 2.1). This is exactly as
predicted from Eq. (2.33), however. This fact alone does not favour the carbon
backing over the surface as a location for the reaction. We have therefore made
the following estimates for the diﬀusion constant DaH2 and the variables that
follow from knowledge of DaH2 .
With a porosity of the electrode of 0.4 [36], and a pore diameter of 50 nm [57],
the estimated surface area of the pores is 3×10−7m2 of carbon. The diﬀusion
coeﬃcient of hydrogen in the gas phase is order of magnitude 2×10−4 m2/s
[58]. Scaled for the surface volume fraction (taking a surface thickness of 0.33
nm), and a tortuosity of 7 [36], this gives a course-grained value of DaH2 =
3×10−7 m2/s. We ﬁnd from Table 2.1 and Eq. (2.57) that the equilibrium
concentration of hydrogen at the surface is caH2,eq = 260 mol/m
3 in the unpo-
larised electrodes, and decreases to 148 mol/m3 for ∆φdc = 60 mV across the
cell. The kinetic constant follows from Table 2.1 and Eq. (2.33) and is kdH2 =
0.25 s−1 for all values of the applied potential. A characteristic length for the
reaction-diﬀusion layer is then:
laH2 =
√
DaH2τad = 1.5 mm (2.60)
Reducing the coarse-grained surface diﬀusion coeﬃcient by a factor 10, will
increase the concentrations with a factor 3.3, and reduce the characteristic
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length by the same factor. A mono-layer of H2 corresponds to a coarse grained
concentration of about 3 kmol/m3. The concentration we calculated above
is well below this value, which is reasonable. A characteristic length of 200
µm, comparable to the thickness of the anode backing, would correspond to
a diﬀusion coeﬃcient of DaH2 = 5×10−9 m2/s and a close to fully occupied
mono-layer.
The range of probable values can thus explain that reaction and diﬀusion takes
place across a carbon layer with a thickness characteristic for the fuel cell
electrode backing, of around 200 µm. They are all too large to explain that a
similar step takes place at the metal (Pt) particle itself, because these particles
are submicron particles [57]. A similar estimate for the Pt surface gives a
characteristic length much larger than the size of the particle. We conclude
that the Gerischer element cannot be understood by reaction combined with
diﬀusion on the Pt surface. The value obtained by Bae and Lee [59] for the
equilibrium adsorption of hydrogen molecules on a carbon molecular sieve, was
for comparison, caH2,eq = 4 kmol/m
3 for 1 bar, when adjusting for a density of
the carbon sieve of 0.6 g/cm3.
If the estimates above hold, the carbon surface plays a more active role in the
electrode reaction than hitherto assumed. This may then have a consequence
for the design of the electrode. When the access of hydrogen to the three
phase contact line is via the two-phase contact, and this contact can become
rate-limiting, the two-phase contact should be made as large as possible.
The results do not give any conclusive information on the state of adsorbed
hydrogen on the carbon surface. The mathematical form of the impedance, Eq.
(2.49), does not distinguish between models (ad-1) or (ad-2). The relaxation
time is constant in both models as long as the concentration of hydrogen in
the gas in the pores is constant.
Most reports consider physisorption of hydrogen gas on carbonaceous mate-
rials. Diﬀusion of physisorbed molecules may be faster than of chemisorbed
atoms, favouring a large value of laH2 like we estimate. The value of the ad-
mittance Y0 in Table 2.1 is sensitive to the applied potential, however. This
property depends in the ﬁrst model (ad-1) on the concentration of adsorbed
molecules and the surface diﬀusion constant of H2. In the second model, the
relevant concentration is that of the adsorbed hydrogen atoms. It is likely
that the chemisorbed state depends more on the polarisation. There is some
support for hydrogen adsorption in atomic form on graphite-like forms [42].
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More experiments should be performed to establish relations further. Knowl-
edge about the surface diﬀusion constant will be helpful. It may be interesting
to vary the gas pressure and the temperature. Also important is to study the
role of water. Does it play a role in getting the proton into the membrane, as
indicated by the high frequency part of the diagram?
2.7 Conclusion
Electrochemical impedance spectroscopy was performed on the fuel cell elec-
trode E-TEK, Elat/Std/DS/V2 0.5 mg Pt/cm2, 20 Pt/C, impregnated with
0.6 mg Naﬁon/cm2 (5 wt% solution). The membrane contact was Naﬁon 117.
The electrode was studied at 30◦ C and 1 bar.
We found that a Gerischer element was required to explain the low frequency
part of the electrode impedance. The variables that were deduced from this
element support hydrogen adsorption and diﬀusion along carbon in front of
the catalyst where the charge transfer takes place. The data do not allow us
to conclude on the form of the adsorbed hydrogen. It may be physisorbed
or chemisorbed. Experiments that may answer this question were proposed.
Water may also enter rate-limiting steps in the electrode reaction, but its role
needs further clariﬁcation.
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Abstract
We studied the isothermal hydrogen adsorption and reaction at the car-
bon and platinum (Pt) surface of the humidiﬁed E-TEK electrode of a
polymer electrolyte fuel cell (PEMFC) with a Naﬁon 117 membrane by
impedance spectroscopy at 30 and 50◦C. We found three rate-limiting
steps, one of them is interpreted as proton hydration, a step that has not
been reported previously. We analysed the inﬂuence of water transport
on the impedance and found that the semicircle for the charge transfer
reaction and that of proton hydration are superimposed at 50◦C, but sep-
arate at 30◦C. Additional evidence is presented for hydrogen adsorption
to the carbon surface prior to charge separation. The surface diﬀusion
coeﬃcient of hydrogen was calculated to 1 x 10−7 m2/s.
3.1 Introduction
It is well known that water plays an important role in the low temperature
polymer membrane fuel cell (PEMFC). High performance of PEMFC requires
a continuous supply of water to hydrate the membrane and maintain its proton
conductivity. Water is carried by protons that are transported through the
membrane from the anode to the cathode, i.e. electro-osmosis. Water is also
produced at the cathode. This will induce a diﬀusional back ﬂow of water in
the membrane [60].
But does water aﬀect the anode reaction? To answer this question one can use
impedance spectroscopy. This is an experimental technique that can separate
phenomena with diﬀerent relaxation times, and is thus useful for determination
of rate-limiting steps at electrode surfaces [37]. It has been used widely, also in
studies of rather complicated three-phase contacts [29, 38], which are typical
for fuel cell electrodes.
The fuel cell electrodes consist of a porous matrix of carbon black that allows
gas diﬀusion up to the catalyst (Pt) particles. The gas reacts at the catalyst,
which is in contact with the proton-conducting membrane electrolyte. Three
phases must be near each other to allow charge transfer. To describe the
events at the three-phase contact-line by thermodynamic variables is a diﬃ-
cult task. The successful agglomerate model [61] describes the production of
charges in the interface region in a continuous way. We have chosen to address
the problem, taking a Gibbs surface as a starting point [62]. In this picture,
the interface region, which in fact has a thickness around 10 µm, is described
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as a two-dimensional layer. It is a separate thermodynamic system, and we
shall refer to this layer as the surface. The thermodynamic variables of this
layer are excess properties [60]. In the present case, the surface contains ex-
cesses of catalyst material (platinum), gas, adsorbed gas and water, membrane
polymer and membrane water. This description leads to discontinuities in the
thermodynamic variables at the surface.
We have earlier studied the cell in which both the anode and cathode were
hydrogen electrodes. The electrode region was considered to consist of a cat-
alyst interface (i.e. the two-dimensional thermodynamic system), surrounded
on one side of a homogeneous phase of gaseous carbon, and on the other side
of a homogeneous phase of a water ﬁlled membrane, respectively. In order to
reach the platinum catalyst and the surface, the gas was allowed to diﬀuse
also along the carbon phase. The electrode region is pictured schematically in
Fig. 3.1. We see the two-dimensional surface indicated by two stippled vertical
lines, and the surrounding homogeneous phases. The transport pathway for
hydrogen is on the right hand side, while the ﬂux of hydrated protons in the
membrane is to the left in the ﬁgure. In our coarse grained, one-dimensional
description, transport takes place along a coordinate normal to the surface of
the membrane. All variables are then independent of coordinates parallel to
the surface. Using these conditions with this division into subsystems, we were
able to derive the electrode impedance for the interface with two rate-limiting
steps [62] of charge transfer and of hydrogen adsorption/diﬀusion on carbon.
The present work oﬀers supplementary support for these steps, and includes
also a third step, namely proton hydration.
Impedance studies of the hydrogen electrode have mostly been motivated by
the need to understand the CO tolerance of this electrode [30, 31]. As a back-
ground for such studies, it is important to have a good understanding of the
elementary steps concerning hydrogen alone. This is why we have chosen to
use only hydrogen electrodes here. We have found experimental support for
the hypothesis of reversible gas adsorption on carbon black as a ﬁrst step in
the electrode reaction. The adsorption reaction took place most probably in
front of the catalyst (Pt) particles. In our previous paper [62] we assumed that
water was in equilibrium throughout the system, even if results from the high
frequency part of the impedance diagram indicated that this assumption was
questionable. In this paper we analyse by theory and experiments how water
aﬀects the behaviour of the system, using again two hydrogen electrodes. We
shall see, that it is probably not correct to assume equilibrium for water at the
surface, not even in the absence of a d.c. electric current. At low tempera-
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Figure 3.1. Schematic drawing of the electrocatalyst layer, the thermodynamic
surface, and its adjacent homogeneous phases.
tures, we ﬁnd evidence that hydration of protons can be rate-limiting at high
frequencies in the anode reaction of PEMFC, also when the electric current is
zero. The membrane electrode assemblies consisted of E-TEK electrodes with
0.5 mg Pt/cm2 and a Naﬁon 117 membrane.
The paper is organised as follows. The model is ﬁrst described in section 3.2.
We then give the formulae of the impedance (which is derived in Appendix
A.1) in section 3.3. The experiments and the results, which conﬁrm the three-
step model, are then described in sections 3.4 and 3.5 and discussed in section
3.6.
3.2 A model with three rate-limiting steps
The model assumes that hydrogen gas is ﬁrst adsorbed along the pores in the
carbon matrix (see Fig. 3.1):
1
2
H2(g)→ 12H2(a) (3.1)
Adsorption can happen close to or far from the platinum particle. Once ad-
sorbed, hydrogen proceeds to diﬀuse along the carbon surface to the platinum,
that is located in the electrode interface [63]. The catalyst particle is located in
the surface between the porous carbon matrix and the cation exchange mem-
brane (see grey area in Fig. 3.1). During the diﬀusion process some of the
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hydrogen molecules desorbs back to form molecular hydrogen in the gas phase.
We assumed that the adsorption has a ﬁrst order forward reaction in both
directions (the superscript a refers to the carbon surface of the anode):
r(x, t) =
1
2
kaH2c
g
H2
− 1
2
kdH2c
a
H2(x, t) (3.2)
A model using adsorption of atomic hydrogen was also possible [62]. We use a
coarse-grained description in which both concentrations are given in mol/m3 for
the carbon matrix. The concentration cgH2 is the time and position independent
concentration in the pores times the porosity of the layer. The concentration
caH2(x, t) is the concentration in mol/m
2 times the surface area of the pores
per unit of volume (in m−1). In most models, the adsorption reaction (1) is
assumed to take place on the metal surface, see e.g. [43]. We have shown that
the adsorption may take place earlier, and have found to continue working with
this hypothesis [62]. Support for this model has recently been given also by
Paulus et al. [63].
In the Tafel-Volmer mechanism, the molecule dissociates into protons and elec-
trons in active sites in the electrode surface on the platinum particles:
1
2
H2(a)→ H+(s) + e−(a) (3.3)
Electrons are eventually transported into the anode carbon phase (see Fig.
3.1).
There are two modes of transport related to water in the fuel cell membrane:
(1) the electro-osmotic transport, or (2) diﬀusion of water. The transport num-
ber of water in the membrane is a measure of the number of water molecules
that is carried by each proton in the absence of a concentration gradient. For
the vapour-equilibrated membrane the transport number, tH2O,vap, was close
to 1 [64]. In the present case, the membrane is saturated with water, and the
transport number can be regarded as constant [65]. We may therefore in good
approximation, say that one water molecule is associated with each proton that
is moving across the membrane. The protons bind then, on the average, to
one water molecule at the surface, before they move into the cation exchange
membrane (m) as hydronium ions:
H+(s) + H2O(m)→ H+H2O(m) (3.4)
In summary, we have a model where hydrogen is adsorbed as molecular hydro-
gen/atomic hydrogen on the surface of the carbon pores in a reaction-diﬀusion
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layer located before the surface. The hydrogen is then converted into protons
and electrons in active sites in the surface on the platinum catalyst in Fig.
3.1. The electrons move into the carbon phase (a porous matrix), while the
protons bind to water at the surface to form hydronium ions which move into
the membrane. The thickness of the carbon phase in the experiment is in the
order of 0.5 mm, while the thickness of the catalyst layer is in the order of 0.01
mm.
The impedance that follows from these steps is derived in the Appendix. The
impedance was derived following a systematic procedure, starting with the
mass and energy balances of the steps, and using the entropy production of
the surface to deﬁne the relation between the surface potential drop and the
electric current as a function of frequency.
3.3 Equations for data reduction
We show in Appendix A.1, by combining Eqs. (A.38) and (A.42)-(A.44), that
the impedance of the whole surface is
Zs =
ρscm + Zct
1 + iωCs
H3O+
(ρscm + Zct)
(3.5)
In this equation, Zct is the impedance of the charge transfer step
Zct =
ρsct + Zad
1 + iωCs
H+
(ρsct + Zad)
(3.6)
and the capacitance and the resistivity of the proton hydration are given by
CsH3O+ and ρ
s
cm. The relaxation time for the proton hydration reaction, τcm, is
τcm = ρcm CsH3O+ (3.7)
The ﬁnd that the proton hydration, step 3, modiﬁes the impedance of the
charge transfer step. The impedance of step 1, the step for adsorption and
surface diﬀusion was given by [62]
Zad =
RT
2F 2caH2,eq
√
2DkdH2(1 + iωτad)
(3.8)
where the relaxation time in the absorption process was
τad =
2
kdH2
=
2caH2,eq
cgH2k
a
H2
(3.9)
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The hydrogen pressure in the pores was assumed constant in the derivation
of this equation, giving a constant gas concentration, cgH2 and therefore also
a constant value for the concentration of absorbed gas at equilibrium, caH2,eq.
The impedance Zad was the impedance of a Gerischer element. Experimental
results ﬁtted this impedance better than a ﬁnite length Warburg element, so
it shall be used also here, see the Results section below.
The equivalent circuit that can be put up on the basis of Eqs. (3.5) and (3.6)
is given in Fig. 3.2. In this context it is important to note that the sequencing
of the contributions to the total spectrum is ﬁxed. There is no possibility to
switch the elements of the circuit in Fig. 3.2. When ω →∞, we see that:
Zsω→∞ = 0 (3.10)
In the present experiments, we measure the response of two identically made
electrodes plus membrane electrolyte. When a dc current is passing the cell,
one electrode will be a sink for hydrogen, while the other will be a source for
hydrogen. The impedances of the two electrodes are the same, however. Both
electrodes therefore give the same contribution to the measurement, also when
the electrodes are polarised. In terms of the measured impedance, Zcell, and
the membrane impedance, Zmem, the impedance of one electrode is then;
Zs =
1
2
(Zcell − Zmem) (3.11)
The membrane impedance is found by assuming Zmem = Zcell as ω → ∞.
The results that are calculated for Zs from Eq. (3.11), can now be ﬁtted to
formulas (3.5) and (3.6) using Eq. (3.8) for Zad.
A constant phase element (CPE) shall be used for the charge transfer step in
Eq. (3.5), rather than one capacitance in parallel with the resistance. The
CPE is deﬁned as:
ZCPE =
1
T ct(iω)α
(3.12)
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Figure 3.2. Equivalent circuit on the basis of Eqs. (3.5) and (3.6).
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The phase angle of the CPE impedance is constant and independent of the
frequency. When α equals 1, CPE is identical to Cct. The more depressed the
semi-circle is, the lower is the α-value. We found α to be typically 0.82. The
relaxation time for the charge transfer reaction is
τct ≡ (Tct ρct)1/α (3.13)
Eq. (3.6) then becomes:
Zct =
ρsct + Zad
1 + Tct(iω)α (ρsct + Zad)
(3.14)
The limiting behaviour ω → 0 gives
Zsω→0 = Zω→0,ad + ρct + ρcm (3.15)
The ﬁt of the experimental results to the theoretical expressions gave Y0 and
τad in the following expression for Zad:
Zad =
1
Y0
√
τ−1ad + iω
(3.16)
The expression for the relaxation time, τ−1ad = kdH2/2, was given in Eq. (3.9)
while the other variable is
Y0 =
2F 2
RT
caH2,eq
√
2DkdH2τad =
4F 2
RT
caH2,eq
√
D (3.17)
We see that the admittance Y0 is proportional to the hydrogen concentration
in the gas phase, that is the hydrogen pressure. Knowledge of the diﬀusion
constant for hydrogen along the pores gives caH2,eq from this equation. Such
calculations were performed earlier.
3.4 Experimental
3.4.1 The membrane-electrode assembly
The electrodes were E-TEK Elat/Std/DS/V2 gas diﬀusion electrodes with a
loading of 0.5 mg Pt/cm2. The catalyst was 20 wt% Pt supported on Vulcan
XC-72. To obtain a better ionic contact between the layers in the membrane-
and electrode assembly (MEA), the electrodes were sprayed with a 5% Naﬁon
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solution to give 0.6 - 0.8 mg/cm2. This was done with a Badger Airbrush
Pistol (model 200). The airbrush was operated at an air pressure of about 200
kPa (2 bar). The electrode was weighed before and after the spraying so the
amount of Naﬁon could be calculated. The electrodes were then dried in a
heating cabinet at 125◦C for 30 minutes. The electrodes were stored at least
48 hours before they were used in the fuel cell.
The MEA consisted of two identical electrodes separated by a Naﬁon mem-
brane. The membranes were pretreated in several steps as described for in-
stance by Møller-Holst [51]. This procedure included hydrogen-peroxide (5%)
to oxidise organic impurities, sulfuric acid (0.05 M) to remove metallic impuri-
ties and rinsing in distilled water several times. All was done at temperatures
around 90◦C. The prepared membranes were stored in distilled water until use.
The mechanical pressure over the MEA was 4.2 barg, controlled by a pneumatic
piston. The hydrogen gas pressure on the two sides of the MEA were the same
and varied between 1 and 4 bar. The pressure and temperature were constant
during each experiment. The hydrogen ﬂow into the cell was controlled by
Brooks 5850S mass ﬂow controllers.
The MEAs were tested in a test-station developed by Møller-Holst [51] and
Vie [66]. The fuel cell was a circular single cell with a cell area of 4.91 cm2.
The fuel cell housing was made of stainless steel (SS-316) and was supported
by two pistons (SS-316). At the top of the pistons there were serpentine
patterned ﬂow ﬁelds. These pistons also served as current collectors. Each
piston contained a heating element. Thermocouples inside the cell housing
measured the temperature at the electrode backings. The temperature was
controlled by a PID controller (Eurotherm 2408) and a Pt-100 thermistor to
30.0±0.1 and 50.0±0.1◦C.
3.4.2 The gas humidifying system
The hydrogen gas (AGA 99.999%) was humidiﬁed at 80◦C before it entered
the cell, making sure that gas was always saturated with water. The dry gas
entered at the top of the humidiﬁer tank and was preheated in a heating coil.
The gas was then bubbled through a glass-sieve and ﬁnely dispersed into an
800 ml internal container ﬁlled with water at a given temperature. The small
internal container was placed inside a larger 10 l tank also ﬁlled with water.
This outer tank was heated with an electrical heating tape. This ensures a
stable temperature of the gas. The humidiﬁed gas left the humidiﬁer at the
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top of the internal container and entered then the fuel cell system. Saturation
of the gases at the given temperature can then be assumed. The humidifying
temperature was always minimum 20◦C higher than the cell temperature to
prevent the MEA to drying out when electric current was passing the cell.
3.4.3 The water condensers
The water condensers were designed by Vie [66]. They remove the water by
condensing the water in the gas ﬂow. The outer container has a volume of 10
l and is ﬁlled with cooling water. Gas enters at the top of the container, goes
through a condensing coil and into a smaller (500 ml) condensate tank. The
gas escapes at the top of the tank and water at the bottom. The condensers
are able to operate at an elevated pressure and the condensing medium is tap
water (5-8◦C). There are two condensers in the system, one for the anode side
and one for the cathode side. The gas from each condenser enters a pressure
control valve (Brooks 5866). The valves are controlled from the computer.
3.4.4 Impedance measurements (EIS)
The impedance diagrams were recorded using a PAR 263A/94 potentiostat
and a Solartron 1260 FRA. Z-plot software from Scribner Ass. Inc. was used
to run the experiments. Measurements were made in a two-electrode set-up on
freshly prepared membrane-electrode samples, unless otherwise is stated. The
impedance was obtained by sweeping over the frequencies from 10 kHz to 10
mHz, recording 12 steps/decade, for each pressure. An amplitude of 5 mV was
used in all experiments.
The impedance was ﬁrst measured at 30◦C, with zero dc voltage across the
cell, and with the varying gas pressure. Five diﬀerent hydrogen pressures were
used: 1.0, 1.56, 2.25, 3.06 and 4.0 bar.
The impedance was next measured, with constant gas pressure (1 bar) at
diﬀerent dc voltages. The applied dc voltages were 10, 20, 30, 50, and 60 mV.
The temperature was then 30 and 50◦C.
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3.5 Results
3.5.1 Data reductions
The results are shown in Figs. 3.3-3.8. At all pressures at low temperature
and no dc voltage (Figs. 3.3, 3.4, 3.6 and 3.7), the EIS showed three relaxing
phenomena, as expected from the theoretical model. All data were therefore
interpreted using this model. All spectra were ﬁtted using the software Z-
View (Scribner Associated Inc.) and are given as Nyquist plots of Zcell. The
results of the ﬁts of these as well as those from the previous article [62] are
given in Appendix A.2, Tables A.4-A.9. The two high frequency arcs became
superimposed at the highest temperature, 50◦C, see Fig. 3.5.
The relaxation times for all three processes are presented in Tables 3.1 - 3.3.
The relaxation time for adsorption/diﬀusion τad, followed directly from the
measurements. The relaxation time for the charge transport, τct, was cal-
culated using Eq. (3.13) and the relaxation time for the proton hydration
reaction, τcm, was found using Eq. (3.7).
Table 3.1. Relaxation times for the three rate-limiting steps in the symmetric
cell with E-TEK Elat 0.5 mg Pt/cm2 gas diﬀusion electrodes and Naﬁon 117
membrane for various hydrogen gas pressures. T = 30◦C and E=0 V. τcm and
τct were calculated using Eqs. (3.7) and (3.13). τad followed directly from the
data ﬁtting.
pH2 τcm τct τad
(bar) (10−4 s) (10−3 s) (s)
1.00 2.61 2.9 6
1.56 2.05 4.1 6
2.25 1.94 5.5 6
3.06 1.92 6.5 6
4.00 1.86 6.9 6
3.5.2 The membrane area resistance
A constant membrane area resistance, Rm, was observed. For the experiments
done at 30◦C, the membrane area resistance was 0.50±0.02 Ω cm2 and when the
cell temperature was raised to 50◦C, the value was 0.40±0.02 Ω cm2. These
values are in good agreement with results reported in the literature for the
same membrane and temperatures [29, 40], and are taken as evidence for a
good measurement technique. The resistances did never vary more than 5%
48 Chapter 3. Rate limiting proton hydration in the anode. . .
Table 3.2. Relaxation times for the three rate-limiting steps in the symmetric
cell with E-TEK Elat 0.5 mg Pt/cm2 gas diﬀusion electrodes and Naﬁon 117
membrane for various potentials. T=30◦C and pH2=1 bar. τcm and τct were
calculated using Eqs. (3.7) and (3.13). τad followed directly from the data
ﬁtting.
∆φdc j τcm τct τad
(mV) (A/cm2) (10−4 s) (10−3 s) (s)
0 0 2.49 3.5 6
10 0.02 2.32 3.7 8
20 0.03 2.34 3.9 8
30 0.04 2.33 4.4 8
50 0.07 2.30 4.6 8
60 0.08 2.35 5.0 8
Table 3.3. Relaxation times for the three rate-limiting steps in the symmetric
cell with E-TEK Elat 0.5 mg Pt/cm2 gas diﬀusion electrodes and Naﬁon 117
membrane for various potentials. T=50◦C and pH2=1 bar. τcm and τct were
calculated using Eqs. (3.7) and (3.13). τad followed directly from the data
ﬁtting.
∆φdc j τcm τct τad
(mV) (A cm−2) (10−4 s) (10−3 s) (s)
0 0 9.9 4.2 5
10 0.02 9.6 2.9 5
20 0.04 9.4 3.0 5
30 0.07 7.4 3.8 5
50 0.11 7.7 4.7 5
60 0.13 6.2 4.6 5
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for a given MEA. This was seen as long as freshly prepared MEAs were used.
Gas pressure changes (Table A.4) or changes in applied potential (Tables A.6
and A.8) did not change this.
The high reproducibility in the measured membrane resistance (± 5%), indi-
cates also that the humidifying conditions were good. If the MEA was drying
out, Rm would be increasing. We can thus conclude that the membrane at all
times is saturated with water at the given temperature. The reproducibility
of experiments makes this conclusion reliable.
3.5.3 The ageing eﬀect
An ageing eﬀect was observed in the spectra after prolonged use. After a few
days or after ten to thirty experiments, a change was seen in the spectra. It was
therefore important that the experiments were done as soon as a new system
was mounted and shown to be stable. When two experiments were done after
each other within about 24 hours, the results were identical. When the time
interval between the experiments grew, and ageing eﬀect was seen. Fig. 3.3
shows the ageing eﬀect in one EIS experiment, repeated after 5 days with
about thirty measurements. The resistance of the high frequency arc (proton
hydration step) increased from 0.030 to 0.074 Ω cm2 (150%) and the resistance
of the middle frequency arc (charge transfer step) increased with 100% from
0.023 to 0.046 Ω cm2. The low frequency arc for the adsorption/diﬀusion step
did not change; however, pointing to its independence of the catalyst layer.
3.5.4 Eﬀect of temperature
The cell temperature was either 30 or 50◦C. Three arcs were seen at 30◦C (see
Fig. 3.4). At 50◦C, two of the arcs overlapped (Fig. 3.5). The membrane area
resistance, Rm, the proton hydration resistance, ρcm, and the charge transfer
resistance, ρct, all decreased by increasing temperature, see Tables A.6 - A.9.
Rm decreased with 25% when raising the temperature, and both ρcm and ρct
decreased with approximately 75% when the temperature increased from 30 to
50◦C, see Fig. 3.6. The capacitance for the proton hydration, CsH3O+ increased
1500 % when the temperature increased in the unpolarised cell.
Data were reduced with the three-step model described in the theory. The
relaxation time for the proton hydration (τcm) increased with increasing tem-
perature, the relaxation time for the charge transfer reaction (τct) was al-
most constant with the temperature, while the relaxation time for the adsorp-
50 Chapter 3. Rate limiting proton hydration in the anode. . .
-0.08
-0.06
-0.04
-0.02
 0
 0.5  0.52  0.54  0.56  0.58  0.6  0.62  0.64  0.66  0.68
Z(
Im
) /
 Ω
 
cm
2
Z(Re) / Ω cm2
Figure 3.3. The impedance spectrum for the unpolarised symmetric cell at
T=30◦C and pH2 = 1 bar. One experiment was done day one (left curve)
and repeated 5 days later (right curve).
tion/diﬀusion process (τad) decreased (see Tables 3.2 and 3.3).
3.5.5 Proton hydration as rate limiting step
The ﬁrst arc (highest frequency) in the impedance diagram is, according to the
model, related to proton hydration when the proton passes from the catalyst
surface into the membrane. It was only possible to ﬁt this arc using a pure
capacitance and a resistance, and not a constant phase element. When the
gas pressure increased, CsH3O+ and τ cm decreased and ρcm increased slightly.
The same was observed when the applied dc potential increased at constant gas
pressure (1 bar) and 30◦C, but here τcm remained almost constant. The results
are given in Tables 3.1, 3.2, and A.6. When the temperature increased to 50◦C
and the gas pressure was constant (1 bar), CsH3O+ and ρcm were approximately
constant while τcm decreased. The results are given in Tables 3.3 and A.8.
3.5.6 The charge transfer step
The second arc in the impedance diagram is, according to the model, related
to the charge transfer step at the catalyst surface. As expected, it depended
more on the applied dc potential than the other steps, see Tables A.5 and A.7.
The relaxation time in these tables, τct, increased with applied dc-potential
and also with increased gas pressure. It is likely that the heterogeneity of the
Pt surface can cause a depression like the one we observe. This was also the
motivation for us and others [30] to ﬁt this second arc to a constant phase
element. The results in Tables A.5 and A.7 show that the resistance, ρct, was
not so sensitive to changes in applied dc-potential or gas pressure.
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The value of αct decreased with increasing hydrogen gas pressure, see Table
A.5. The value did not vary with the applied dc-potential at 30◦C (see Table
A.7). The average value was 0.82. When the temperature in the system
was raised to 50◦C, the value of αct increased (see Table A.9). The value
approached one within the accuracy for all potentials given in Table A.9. When
αct equals one, the CPE is a pure capacitance.
3.5.7 Rate-limiting adsorption/diﬀusion
The third arc was already related to an adsorption/diﬀusion step in the carbon
backing in front of the catalyst [62]. The results from the present and previous
experiments on this arc are given in Tables A.5, A.7, and A.9. The admittance,
Y0, decreased with the increasing dc-potential. It is now shown that Y0 is
a function of the hydrogen concentration in the gas phase, the equilibrium
concentration (see Eq. 3.17) in Fig. 3.8. Only a small variation was seen, but
the trend was systematic. The gradient of the straight line was found, and
the diﬀusion coeﬃcient was calculated to 1×10−7 m2/s. This value ﬁts very
well with the estimate we made earlier for surface diﬀusion, represented for the
porous material as a whole, 3×10−7 m2/s and with a corresponding value of
cH2,eq of 260 mol/m3. The relaxation time, τad, remained constant when the
gas pressure as well as the applied dc-potential was changed.
As an alternative interpretation, we considered also the ﬁnite-length Warburg
element for the impedance of this layer. This element has the form
Zad =
RW tanh
√
TW iω√
TWiω
(3.18)
giving here the impedance
Zad =
RT
4F 2cH2,eq,W
√
iωDH2,W
tanh
(
d
√
iω
DH2,W
)
(3.19)
and the admittance
Y0 =
4F 2
RT
caH2,eq
√
DH2,W =
√
TW
RW
(3.20)
where TW and RW are given directly from the ﬁt of experiments to the Warburg
element. The diﬀusion coeﬃcient from this formula is DH2,W = d
2
TW
where d
is the thickness of the carbon matrix (200 µm) and TW is from the ﬁt (7.5 s).
The ﬁtted parameter RW was 0.01 Ω cm2. This gave the very small diﬀusion
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coeﬃcient 5×10−9 m2/s, a reduction of two orders of magnitude compared
to the aforementioned value. When this value is used in Eq. (3.20), the
equilibrium concentration was calculated to 2700 mol/m3 at 30◦C. This value
is ten times the value calculated before and corresponds to a fully occupied
monolayer of gas on carbon [62]. So, in addition to the ﬁt giving a less good
description of the observation, the properties derived from the ﬁnite-length
Warburg element are also less realistic for a hydrogen adsorption step. It was
not possible to assign this part of the spectrum to a rate-limiting step in the
membrane.
3.6 Discussion
3.6.1 Three, not two steps
The theoretical model (section 3.2) had three rate limiting steps, i.e. three
arcs in the Nyquist plot. We allocated these in the Results section to (1) gas
adsorption/diﬀusion in the electrode backing, (2) charge transfer at the cat-
alyst, and (3) a step that involved proton hydration at the catalyst surface.
Evidence for the ﬁrst step was presented and discussed in our earlier work [62].
The present data give further support to this step, by the data that can be
derived from Fig. 3.8. The second step is adopted in all similar investiga-
tions [30], while the third proposal about rate-limiting proton transfer at high
frequencies is new. The experimental results gives support to the total model.
We may ﬁrst note, that the results for the membrane resistance, Rm (Tables
A.4, A.6 and A.7), conﬁrm earlier investigations. The value is within a few
percent reported earlier. The reduction in Rm with an increase of temperature
from 20 to 45◦C, was explained by Sone et al. [67] by the loss of water from
the membrane at higher temperatures (see next section). The reproducibility
of the experiments (cf. sections 3.5.2 and 3.5.3) allow several conclusions to
be drawn.
The relaxation time of the third arc or the Gerischer element, did again (see
[62]) not depend on the applied potential (see Tables A.7 and A.9) and it was
also independent of the ageing eﬀect. We expect that adsorption and diﬀusion
of the hydrogen molecules along the surface of the carbon pores, is independent
of ageing (or the Pt surface area, see below), and this is indeed observed, giving
credence to this part of the interpretation. The hydrogen pressure variation
in Y0 is small (Fig. 3.8), and has a large uncertainty. Nevertheless, it is
interesting to ﬁnd that the diﬀusion coeﬃcient that can be derived from the
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slope is very near the one we estimated earlier [62], and which was used to
support that reaction (3.1) takes place in the carbon matrix. The value, 1 x
10−7m2/s, is a likely value, as it is comparable with diﬀusion in the gas phase,
and consistent with a fractional coverage of hydrogen on the carbon surface.
A ﬁnite-length Warburg element, which give a similar mathematical form of
the impedance, did not give a likely alternative explanation. The new evidence
conﬁrms our hypothesis of this step, that there is surface diﬀusion of hydrogen
to the catalyst.
Support for the interpretation of next two steps is given from (1) the ﬁts
themselves, (2) the observed ageing eﬀect, (3) the pressure eﬀect, under the
experimental conditions used.
The ﬁrst arc (with highest frequency) had few signs of depression and the
relaxation time was independent of the applied dc-potential. We had to use
an ordinary capacitance and a resistance to model this arc. The ﬁt was not
perfect, but it was the only element that did not give an unphysical result
(an αct value larger than unity in a ﬁt to a constant phase element). In the
ﬁt of the second arc (the charge transfer step), a constant phase element was
essential, however. It is likely that the charge transfer step, and not so much
the proton hydration step, is aﬀected by the surface heterogeneity and the
applied potential. It is also likely that the heterogeneous nature of the surface
becomes less important as the temperature rises, as evidenced by αct=1 for
50◦C. So these variations are as expected for the chosen model.
We expect that an increase in the hydrogen pressure leads to an increased
concentration of protons at the catalyst surface. The results in Table 3.1 sup-
port this idea because the charge transfer relaxation and the proton hydration
relaxation depend on the hydrogen pressure. More protons at the surface may
explain why both ρct and Tct increase in Table A.5. We have no clear expla-
nation for the simultaneous reduction of ρcm and CsH3O+ in Table A.4. The
formation of H3O+ is facilitated by the increased ΓH, and this may have a
bearing on ρcm.
We ﬁnd it reasonable to relate the observed ageing eﬀect to a reduction of
the active catalyst (Pt) surface area. Such a reduction has been allocated to
sintering or Pt particle agglomeration in the literature [52, 11]. Agglomeration
and coalescence of Pt particles into larger ones will lower the surface-to-volume
ratio. The sintering rate is strongly aﬀected by the temperature [52, 11],
and is therefore not so likely with the low temperatures used here. Another
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explanation for a reduced active area may be the withdrawal of polymers from
the surface sites.
Proton hydration as well as charge transfer, but not adsorption/diﬀusion,
should depend on the catalyst surface area. A reduction of the surface area
must make it more diﬃcult for the reaction to proceed, and accordingly the
resistance will increase. This is indeed seen in the data: The resistances of the
two ﬁrst steps increased with the number of experiments (Fig. 3.3). Further
support to this interpretation may come from molecular dynamics simulations.
These indicate that a water molecule has to be in the right position to catch
the proton before it goes into the membrane [68].
Three arcs were observed also by Paganin et al. [29], Kim et al. [31], Freire
et al. [40] and Schneider et al. [69] in the PEMFC, and water has also ear-
lier been mentioned as playing a rate-limiting role. These authors assign the
role of water to the low-frequency arc, however. They explain that water be-
comes rate-limiting because of diﬀusion of water through the membrane and
support this by showing that this low-frequency arc disappears when a thinner
membrane, as Naﬁon 115, is used. Our experimental conditions are such that
concentration gradients in water are unlikely (see below). We have shown here
and earlier [62] that the low-frequency arc support a Gerischer element for
the carbon matrix. A ﬁnite-length Warburg element could not be equally well
ﬁtted and understood. Our interpretation of the low-frequency arc therefore
disagrees with that of others [29, 31, 40]. The third arc is more sensitive to
the temperature and hydrogen pressure than the other arcs.
In conclusion, we have presented theoretical and further experimental evidence
to support rate-limiting surface diﬀusion of hydrogen to the catalytic site before
charge transfer, and a rate-limiting step for proton hydration of water. A closer
look on the state of water in the fuel cell membrane is now interesting.
3.6.2 Water in the fuel cell membrane
The performance of the polymer electrolyte membrane fuel cell depends on
the water management in the system. The condition of the Naﬁon membrane
is an important factor for this performance. Naﬁon is a proton conducting
membrane based on a perﬂuorosulfonic acid (PFSA) polymer. It consists of
a polytetraﬂuoroethylene (PTFE) backbone with side chains terminating in
SO−3 H+ groups . The water content in the membrane, λ, is given by the
number of water molecules per sulfonic acid group [44]. The water uptake in
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the Naﬁon membrane depends strongly on the pre-treating procedure [70] and
operational procedures. Naﬁon 117 membranes used in these experiments were
rinsed and then boiled in pure water. The membranes were always stored in
water and they never dried out. That gave us an expanded uniform membrane
that was ﬁlled with water at all times (E-form) before mounting the MEA.
The MEAs were exposed to a varying applied potential. The small current
densities that were used in Tables 3.2 and 3.3, can not cause a signiﬁcant vari-
ation in the water content around the electrodes in one experiment, however.
Diﬀusion of water is therefore not important for the experiment, since the wa-
ter concentration can be expected to be uniform. This was one reason why we
were able to allocate the high frequency arc to proton hydration, and exclude
water diﬀusion as an explanation for he low frequency arc.
Two diﬀerent states for water have been found in the membrane [71, 72]. When
the membrane surface is in contact with saturated water vapour, the membrane
can be treated as a single homogeneous phase, in which water dissolves and
can move due to a concentration gradient [71]. When the membrane surface is
in contact with liquid water, the membrane can be treated as a heterogeneous
porous medium in which water can move also by convection, for instance in the
presence of hydraulic pressure gradient [72]. In the present case with hydrogen
electrodes only, we can regard the membrane phase as being homogeneous.
This was the background for using the hydronium ion in the theoretical model,
equivalent to a water transference number of unity [64]. This does not mean
that exactly one water molecule will hydrate the proton. We have taken only
one water along in our derivations, since the method is not good enough to tell
the exact number of waters that are carried along.
Broka and Ekdunge [73] found that water uptake in a membrane exposed to
saturated water vapour decreased with increasing temperature, and that the
decrease was dramatic in the temperature range 25-50◦C. Also Hinatsu et al.
[74] published water sorption data that showed lower water uptakes at 80◦C
(λ=10) than at 18-30◦C (Zawodzinski et al. [75]). Rieke et al. [76] measured
water content and reported that the membrane had the highest water content
at 30◦C (λ=15) and lower at 50, 75 and 95◦C (9, 6, and 11, respectively). We
can therefore expect a dramatic change in water content when the temperature
changes from 30 to 50◦C in our experiments. The change in the properties
CH3O+ and ρcm with temperature may reﬂect this change.
We need to explain why proton hydration becomes considerably slower (Tables
3.2 and 3.3) at the higher temperature. The large variation in water content
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may explain this. The smaller the water content is, the more diﬃcult becomes
the hydration step, and the higher is the relaxation time for this step. The
data in Tables 3.2 and 3.3 have such a variation. The relaxation time, τcm,
shows only a very weak dependence on the current density at 50◦C, and no
dependency at 30◦C. A reduction in water content, may thus explain why the
third rate-limiting step, H+ · (tH2O H2O), became less visible in the Nyquist
diagram 50◦C.
3.7 Conclusion
Electrochemical impedance spectroscopy was performed of the fuel cell elec-
trode E-TEK, Elat/Std/DS/V2 0.5 mg Pt/cm2, 20% Pt/C, with 0.6 mg
Naﬁon/cm2 (5 wt% solution). The membrane contact was Naﬁon 117 and
the cell area was 4.91 cm2. The electrode was studied at 30 and 50◦C. The
pressure was varied between 1 and 4 bar and the applied dc potential varied
from 0 to 0.06 V. The results were interpreted by three reaction steps. The
ﬁrst is a slow adsorption/diﬀusion step supported by a best ﬁt to a Gerischer
element, independent of ageing and applied potential, with a surface diﬀusion
coeﬃcient of hydrogen of 1x10−7m2/s. The second, the well established charge
transfer step, depends on ageing (catalyst surface area) and temperature as
expected. The third step was given a new interpretation, as a rate-limiting
proton hydration step. A large reduction in membrane water content at high
temperatures increases the relaxation time of this step, and can explain why it
then coincides with the second semicircle. By extending the temperature range
of the investigation, one may earn more about the mechanism of the electrode
reaction.
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Figure 3.4. The impedance spectrum of a symmetrical H2/H2 cell at pH2 = 1
bar and T=30◦C. (a) Nyquist plot. (b) Phase shift plot. Points are experimen-
tal data and lines are data ﬁtted with the equivalent circuit of Fig. 3.2.
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A.1 Appendix 1. The surface impedance
A.1.1 Mass and energy balances of the three steps
The mass balances and the polarisation of the surface follow from the three
steps presented in section 3.2.
At the surface there is an adsorption of protons, ΓH+ , hydronium ions, ΓH3O+ ,
and electrons, Γe− . We take the catalyst surface to be electroneutral, by choos-
ing its thickness such that the total adsorptions (in mol/m2) of positive ions
is equal to the adsorption of electrons:
ΓH+ + ΓH3O+ = Γe− (A.21)
In the discussion of the properties of the surface it is convenient to use the
polarisation of the surface. In this case there are two contributions to this
polarisation, one is due to proton-electron pairs and the other is due to hy-
dronium ion-electron pairs. As mentioned before, the extension of the surface
is such that these pairs are contained. Together they make the interface elec-
troneutral. The number of moles of the proton-electron dipoles per unit of
surface area is given by Γ H+ and for the hydronium ion-electron dipoles by
ΓH3O+ .
The charge transfer (ct) reaction, Eq. (3.3), increases the number of adsorbed
dipoles of the ﬁrst kind while the proton hydration (cm), Eq. (3.4), reaction
decreases it. We therefore have
d
dt
ΓH+ = r
s
ct − rscm (A.22)
where rsct and rscm refer to the reaction rates. Superscript s indicates a property
of the surface. Similarly the cm reaction increases the number of dipoles of the
second kind while the electric current decreases it. This gives
d
dt
ΓH3O+ = r
s
cm − tH2O
j
F
(A.23)
where F is Faraday's constant. The surface polarisation in the direction nor-
mal to the surface is equal to the sum of the polarisations due to the two
dipole layers. These polarisations are equal to the dipole concentration times
Faraday's constant times the average distances, dsH+ and dsH3O+ , between the
charges
P s = P sH+ + P
s
H3O+
= FdsH+ΓH+ + Fd
s
H3O+
ΓH3O+ (A.24)
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There is no reason to assume that the average distance between both kind
of positive ions and the excess electron layer is the same. For the interface,
we assume that these average distances are constants independent of the ion
densities. It therefore follows from Eqs. (A.22)-(A.24) that
rsct = r
s
cm +
1
Fds
H+
d
dt
P sH+ (A.25)
The surface polarisation divided by the surface thickness gives a corresponding
potential diﬀerence times a capacitance. For the two contributions to the total
polarisation we have: CsH+ and CsH3O+ , of these two dipole layers
P sH+
ds
H+
= CsH+∆sφ and
P sH3O+
ds
H3O+
= CsH3O+∆sφ (A.26)
Hydronium ions are present inside the surface as well as in the membrane.
The potential diﬀerence between the membrane phase and the electron layer is
the full potential diﬀerence ∆sφ across the surface. The protons are closer to
the electron layer, so that the potential diﬀerence between this layer and the
electron layer ∆s,mφ is smaller.
The rates of the three steps become, using Eq. (A.25),
rsct,dc =
rscm,dc
tH2O
=
1
F
jdc (A.27)
and
rsct,ac =
rscm,ac
tH2O
+
iωP sH+,ac
Fds
H+
and rscm,ac =
1
F
(
tH2Ojac +
iωP sH3O+,ac
ds
H3O+
)
(A.28)
We shall need the reaction Gibbs energy of the adsorption reaction (3.1):
∆rGsad =
1
2
(
µaH2 − µgH2
)
≡ 1
2
µaH2(x = 0)−
1
2
µgH2 (A.29)
Here x = 0 indicates the position of the surface. The chemical potential of
hydrogen molecules just outside the surface and at the surface are the same,
µsH2 = µ
a
H2
(x = 0). The hydrogen gas in the experiment has a constant
(position and time independent) pressure, leading to a constant µaH2 as well as
constant caH2 . In the description of the electrochemical processes at the surface,
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we use the change in Gibbs energy at the surface due to the neutral species.
For the ct reaction (Eq. 3.3) we have:
∆nGsct = −
1
2
µsH2 ≡ −
1
2
µaH2(x = 0) (A.30)
and for the cm reaction (3.4) we have:
∆nGscm = −µsH2O ≡ −µmH2O(x = 0) (A.31)
For the total electrode reaction, the contribution becomes:
∆nGs = ∆rGsad +∆nG
s
ct +∆nG
s
cm = −
1
2
µgH2 − µmH2O(x = 0) (A.32)
A.1.2 The entropy production and the impedance
In order to derive the impedance of the model in section 3.2, we consider again
our surface in Fig. 3.1. The excess entropy production rate of the surface, σs,
contains the information about the surface dynamics. For isothermal condi-
tions, the contributions to σs due to the alternating ﬁelds are [50]:
Tσsac = −jac∆sφac + iωP sH+,ac
(
DsH+,ac −DsH+,eq
ε0
)
− rsct,ac∆nGsct,ac
+iωP sH3O+,ac
(
DsH3O+,ac −DsH3O+,eq
ε0
)
− rscm,ac∆nGscm,ac (A.33)
where DsH+,ac and DsH3O+,ac are the displacement ﬁelds for the distribution of
the two dipoles and ε0 is the dielectric constant of vacuum. The equilibrium
displacement ﬁelds are zero for free charges, DsH+,eq = DsH3O+,eq = 0. The
displacement ﬁelds are given by
DsH+,ac = −ε0
∆s,H+φac
ds
H+
and DsH3O+,ac = −ε0
∆sφac
ds
H3O+
(A.34)
The reaction Gibbs energies were deﬁned above, Eqs. (A.29)-(A.32). For ac
conditions we have:
∆rGsad,ac = −∆nGsct,ac =
1
2
µaH2,ac(x = 0)
∆nGscm,ac = ∆nG
s
ac = 0 (A.35)
Using Eq. (A.28) for the ac contributions one obtains
Frsct,ac = Fr
s
cm,ac +
iωP sH+,ac
ds
H+
and Frscm,ac −
iωP sH3O+,ac
ds
H3O+
= tH2Ojac (A.36)
A.1 Appendix 1. The surface impedance 63
Substituting this into Eq. (A.33) and using Eq. (A.35) we obtain
Tσsac = −rscm,ac
(
F∆sφac − F∆s,H+φac
)
−rsct,ac
(
F∆s,H+φac −∆rGsad,ac
)
(A.37)
Since the two reactions occur consecutively, the coupling of the reactions may
be neglected. The theory of non-equilibrium thermodynamics then prescribes
that the forces and the ﬂuxes are related by
∆s,mφac − 1
F
∆rGsad,ac = −ρsctFrsct,ac
∆sφac −∆s,mφac = −ρscmFrscm,ac (A.38)
where ρsct and ρscm are the resistivities of the ct and cm reactions. The elec-
trochemical reaction rates are normally not related to their driving forces by
linear relations. In this experiment, the alternating contribution to the forces
are small (±5 mV), however, so that we can use the linear theory. Adding the
two relations in Eq. (A.38) one obtains
∆sφac − 1
F
∆rGsad,ac = −ρsctFrsct,ac − ρscmFrscm,ac (A.39)
The adsorption-diﬀusion layer has an impact on ∆sφac, because this layer de-
termines the chemical potential of hydrogen at position x = 0. The resistivity
is independent of the driving force, but can depend on the temperature and
the polarisation induced by the dc-ﬁeld.
The dc contribution to the excess entropy production rate is found using ω = 0
and jdc = Frsct,dc = Frscm,dc. This gives
Tσsdc = −jdc
[
∆sφdc +
1
F
(
tH2O ∆nG
s
cm,dc +∆nG
s
ct,dc
)]
(A.40)
For small dc-currents the linear law is thus:
∆sφdc +
1
F
(
tH2O ∆nG
s
cm,dc +∆nG
s
ct,dc
)
= − (ρsct + ρscm) jdc (A.41)
The impedance of the charge transfer and the proton hydration steps is deﬁned
as:
Zs ≡ −∆sφac
jac
(A.42)
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We ﬁnd the surface impedance by adding∆rGad,ac = −∆nGct,ac = −ZadF 2rsct,ac
to Eq. (A.39). This gives:
∆sφac +
∆nGsac
F
= ∆sφac = − (ρsct + Zsad)Frsct,ac − ρscmFrscm,ac (A.43)
where we used Eq. (A.35). It furthermore follows from Eqs. (A.25) and (A.26)
that
Frsct = Fr
s
cm + iωC
s
H+∆s,H+φ and Fr
s
cm = jac + iωC
s
H3O+
∆sφ (A.44)
These equations can now be combined to give the impedance presented in
section 3.3.
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Table A.4. Fitted results for the ﬁrst semi-circle for the symmetric, unpolarised
cell at T=30◦C and various hydrogen gas pressures.
pH2 Rm CsH3O+ ρcm ± 0.001
(bar) (Ω cm2) (s/Ω cm2) (Ω cm2)
1.00 0.53 0.0087±0.0001 0.030
1.56 0.55 0.0050±0.0003 0.041
2.25 0.55 0.0044±0.0002 0.044
3.06 0.56 0.0040±0.0002 0.048
4.00 0.56 0.0038±0.0001 0.049
Table A.5. Fitted results for the second and third arc for the symmetric, unpo-
larised cell at T=30◦C and various gas pressures
pH2 Tct αct ρct ± 0.002 Y0 τad
(bar) (sα/Ω cm2) (Ω cm2) (s1/2/Ω cm2) (s)
1.00 0.30±0.07 0.85±0.06 0.023 170±15 6
1.56 0.42±0.10 0.81±0.06 0.028 181±25 6
2.25 0.55±0.10 0.79±0.05 0.030 180±22 6
3.06 0.74±0.15 0.75±0.05 0.031 177±25 6
4.00 0.93±0.19 0.70±0.05 0.033 193±32 6
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Table A.6. Fitted results for the ﬁrst arc for the symmetric cell at T = 30◦C,
1 bar hydrogen gas pressure and diﬀerent applied voltages.
∆φdc Rm CH3O+ ρcm ± 0.001
(mV) (Ω cm2) (s/Ω cm2) (Ω cm2)
0 0.51 0.0071±0.0004 0.035
10 0.53 0.0061±0.0003 0.038
20 0.53 0.0057±0.0003 0.041
30 0.53 0.0053±0.0002 0.044
50 0.53 0.0049±0.0003 0.047
60 0.54 0.0047±0.0002 0.050
Table A.7. Fitted results for the second and third arc for the symmetric cell at
T = 30◦C, 1 bar hydrogen gas pressure and diﬀerent applied potentials
∆φdc Tct αct ρct Y0 τad
(mV) (sα/Ω cm2) (Ω cm2) (s1/2/Ω cm2) (s)
0 0.46±0.10 0.83±0.06 0.020±0.002 194±21 6
10 0.49±0.11 0.80±0.05 0.023±0.002 181±16 8
20 0.41±0.08 0.84±0.05 0.023±0.001 156±11 8
30 0.47±0.09 0.82±0.05 0.025±0.001 154±11 8
50 0.47±0.12 0.82±0.06 0.026±0.002 131±11 8
60 0.50±0.12 0.82±0.06 0.026±0.002 122±10 8
Table A.8. Fitted results for the ﬁrst arc for the symmetric cell at T = 50◦C,
1 bar hydrogen gas pressure and diﬀerent applied voltages.
∆φdc Rm CH3O+± 0.01 ρcm± 0.001
(mV) (Ω cm2) (s/Ω cm2) (Ω cm2)
0 0.39 0.11 0.009
10 0.40 0.11 0.009
20 0.40 0.10 0.009
30 0.41 0.09 0.009
50 0.42 0.08 0.010
60 0.42 0.06 0.010
Table A.9. Fitted results for the second and third arc for the symmetric cell at
T = 50◦C, 1 bar hydrogen gas pressure and diﬀerent applied potentials
∆φdc Tct αct ρct Y0 τad
(mV) (sα/Ω cm2) (Ω cm2) (s1/2/Ω cm2) (s)
0 1.9±0.8 0.86±0.14 0.005±0.001 221±10 5
10 1.5±0.6 0.83±0.14 0.005±0.002 184±6 5
20 1.2±0.5 0.87±0.13 0.005±0.002 170±5 5
30 0.73±0.14 0.97±0.06 0.006±0.001 163±3 5
50 0.79±0.19 0.99±0.07 0.006±0.001 147±4 5
60 0.75±0.19 0.97±0.07 0.007±0.001 138±4 5
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Abstract
We studied the inﬂuence of CO poisoning of the anode in the poly-
mer electrolyte membrane fuel cell (PEMFC) using electrochemical
impedance spectroscopy (EIS). The anode impedance was found by ﬁrst
feeding neat hydrogen gas and next hydrogen with CO into one of the
electrodes, keeping neat hydrogen gas on the other electrode as a refer-
ence. The electrodes were E-TEK Elat gas diﬀusion electrodes with 0.5
mg Pt/cm2, and the membrane was Naﬁon 117. The CO concentration
was 103 ppm, and the total pressures were 1, 2.5 and 4 bar. Operating
temperatures were kept constant, 30.0 or 50.0 ± 0.1◦C. Bias voltages of
0 and 0.05 V were used. Three steps were revealed in the reaction mech-
anism, the slow adsorption/diﬀusion step, the charge transfer step and
the proton hydration step, conﬁrming earlier results. Carbon monoxide
aﬀects the charge transfer step by blocking active sites and by aﬀect-
ing the surface polarisation. We further conclude that CO adsorbs to
the porous carbon matrix, and reduces signiﬁcantly the rate of surface
diﬀusion of hydrogen to the surface.
4.1 Introduction
In the polymer electrolyte membrane fuel cell (PEMFC), the largest overpo-
tential is encountered at the oxygen electrode, the cathode, but this is only
when the feed to the anode is neat hydrogen. When hydrogen contains small
amounts of CO (around 100 ppm), as is the case when it is produced by re-
former technology, the anode will be poisoned, and the anode overpotential
becomes larger [77, 78]. It is believed that CO occupies the Pt sites and aﬀects
hydrogen adsorption by lowering the accessible surface [11, 12]. In addition,
CO lowers the reactivity of the uncovered sites by dipole interaction and elec-
tron capture [79]. It is thus important to understand the anode under normal
conditions and when it is poisoned with CO. Our aim here is to study the
dynamic response of the anode for these conditions. A theoretical model that
describe the rate limiting processes at the anode was thus developed earlier
[62, 80], distinguishing between the transport up to the catalyst, at the cat-
alytic site and from this site into the membrane.
Various porous gas-diﬀusion electrode models that also have been used for the
PEMFC, have developed since the late 1960's [21, 22, 23]. Most of these models
have treated the electrodes in their steady state [24, 25, 26]. The dynamic
response of the system, the topic of this investigation, was also studied [27, 28].
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Most of the focus has been on the oxygen electrode since this contributes most
to the losses in the PEMFC in normal operation.
In two previous articles [62, 80] we investigated the anode reaction with electro-
chemical impedance spectroscopy (EIS) and found three steps in the reaction
mechanism. The anode reaction was investigated in a cell with two hydrogen
electrodes. The cell temperature, applied potential and hydrogen gas pressure
were varied. Three steps were revealed, most importantly because we used
temperatures below 50◦C. The steps are discussed in detail in the section that
follows below. This work gives a good basis for investigations of the CO-eﬀect.
EIS provides a simple way to separate the contribution of CO poisoning from
the behaviour without CO, and evaluate the inﬂuence of other parameters
[30, 31]. We shall use this technique here.
The purpose of this paper is to ﬁnd how the three postulated steps [62, 80]
in the PEMFC anode reaction are aﬀected by the presence of CO. In order to
again see all three steps, we shall continue to use (mainly) the lowest temper-
ature that was used before (30◦C). We shall again be able to document that
three steps are present. Using the three steps as a premise, we shall see that
presence of CO changes only one of the three relaxation times, and that the
observed changes in relaxation time, resistances and other parameters, can all
be explained by a large surface coverage of CO on Pt (near 0.9), by changes in
the polarisation of the catalyst, and by CO adsorption onto the porous carbon.
In this manner we shall therefore also present a model for the CO eﬀect on the
anode, that is consistent with our previous model, and with other documented
eﬀects of CO in the literature [31].
The article is organised as follows. We repeat ﬁrst (section 4.2) the essentials
of our previously published model for hydrogen oxidation in the porous anode
of the PEMFC. The expressions derived for the impedance of the surface are
also repeatesd. Experimental conditions and results are given in section 4.3.
In order to conﬁrm our experimental methods, we report also results for the
complete fuel cell poisoned with CO. Similar results were obtained by others
[31]. The CO concentration used here (103 ppm) was one that is normally
present in the reformer gases after puriﬁcation [77].
The Results section contain spectra and spectra details, mostly for the main
temperature investigated, 30◦C. In the tabulation of ﬁtted parameters we com-
pare the values of the poisoned electrode with the unpoisoned, before conclu-
sions are drawn.
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4.2 The three steps of the anode reaction
As mentioned above, we are testing a model reported earlier [62, 80], consisting
of three rate-limiting steps for the oxidation of hydrogen in the PEMFC anode.
The model assumes that hydrogen gas is ﬁrst adsorbed at any position x along
the pores in the carbon matrix leading up to the Pt catalyst:
1
2
H2(g)→ 12H2(a) (4.1)
The reaction is reversible giving
r(x, t) =
1
2
kaH2c
g
H2
− 1
2
kdH2c
a
H2(x, t) (4.2)
where kaH2 and k
d
H2
are reaction rate constants for adsorption and desorption,
respectively, while cgH2 and c
a
H2
are concentrations in the gas phase, and at
the surface, respectively. Once adsorbed, hydrogen diﬀuses along the carbon
surface to the platinum (to position x = 0) where it reacts according to the
familiar Tafel-Volmer mechanism:
H2(a)→ 2Hads (4.3)
Hads → H+(s) + e−(a) (4.4)
where (a) denotes the anode and (s) the platinum surface. The molecule dis-
sociates into protons and electrons at active sites in the electrode surface of
the platinum particles. Electrons are eventually transported into the carbon
phase.
The protons bind on the average to one water molecule before they leave the
surface [64, 65]. In the third rate-limiting step net charge moves into the cation
exchange membrane (m) as hydronium ions:
H+(s) + H2O(m)→ H+H2O(m) (4.5)
4.2.1 The equivalent circuit
For the ﬁrst of these three steps we derived a Gerischer impedance, using
non-equilibrium thermodynamics. The ﬁt of the experimental data to this
impedance was always better than a ﬁt to the ﬁnite length Warburg impedance,
the most likely alternative. The impedance of step 1, the step for adsorption
and surface diﬀusion was given by [62]
Zad =
RT
2F 2caH2,eq
√
2DkdH2(1 + iωτad)
(4.6)
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where the relaxation time in the absorption process due to the chemical reac-
tion (4.2):
τad =
2
kdH2
=
2caH2,eq
cgH2k
a
H2
(4.7)
The hydrogen concentration in the pores, cgH2 , was constant in the experiment,
giving also a constant value for the concentration of absorbed gas at equilib-
rium, caH2,eq.
The ﬁt of the experimental results to the theoretical expressions gave further-
more Y0 and τad in the following expression for Zad:
Zad =
1
Y0
√
τ−1ad + iω
(4.8)
The expression for the relaxation time, τ−1ad = kdH2/2, is given in Eq. (4.7).
The other variable, the admittance, is
Y0 =
2F 2
RT
caH2,eq
√
2DkdH2τad =
4F 2
RT
caH2,eq
√
D (4.9)
This admittance Y0 is proportional to the hydrogen concentration in the ad-
sorbed phase. This concentration is, at equilibrium, proportional to the gas
concentration of hydrogen, and such a proportionality was found [80]. The
slope of Y0 versus the concentration was used to estimate a diﬀusion constant
for hydrogen along the surface, using the assumption caH2,eq = c
g
H2,eq
, or kaH2 =
kdH2 . This admittance did not depend on the applied bias potential.
The theoretical expression for the impedance of the whole surface was found
as
Zs =
ρscm + Zct
1 + iωCs
H3O+
(ρscm + Zct)
(4.10)
In this equation, Zct is the impedance of the charge transfer step
Zct =
ρsct + Zad
1 + iωCs
H+
(ρsct + Zad)
(4.11)
and the capacitance and the resistivity of the proton hydration are given by
CsH3O+ and ρ
s
cm. The relaxation time for the proton hydration reaction, τcm, is
τcm = ρcm CsH3O+ (4.12)
74 Chapter 4. Three steps in the anode reaction. . .
The experiments were done with gases and membrane saturated with water,
excluding water diﬀusion as a rate-limiting step, at OCV conditions, and con-
ﬁrming the pure semi-circle appearance of this step.
Data ﬁtted the theoretical expression well, provided that we allowed for a
depression of the semicircle in the charge transfer step, by setting
Cct = Tct(iω)α (4.13)
where α is independent of the frequency. The surface heterogeneity as ex-
pressed by the parameter α was constant. The relaxation time for the charge
transfer step is [62]:
τct = (Tctρct)
1/α (4.14)
The charge transfer step, the second step, depended on the applied potential
much more than the other two steps, as one would expect. This part of the
impedance, i.e. both ρscm and ρsct were sensitive to the catalyst ageing. In a
previous article [62] we interpreted ageing as a reduction in surface area; giving
a doubling of these resistances.
The equivalent circuit that was put up on the basis of these equations is given
in Fig. 4.1. The sequencing of the contributions to the total spectrum is ﬁxed,
as there is no possibility to switch the elements of the circuit.
 
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Figure 4.1. The equivalent circuit derived from non-equilibrium thermodynam-
ics [62, 80] for the three rate-limiting steps of the anode of the polymer elec-
trolyte fuel cell. The Gerischer impedance from adsorption/desorption and
diﬀusion of hydrogen on carbon is denoted GE. The charge transfer step at
a heterogeneous electrode surface contributes by Rct and CPEct of a constant
phase element (see text for deﬁnition), while the step that includes proton hy-
dration gives the resistance Rcm and the capacitance Ccm. The Naﬁon mem-
brane resistance is denoted Rm.
This model is taken as a premise in the present investigation. We shall see that
it is possible to use it to explain the electrode behaviour also in the presence of
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CO. While this does not prove that the model is the only possible explanation
of the data; it does make it more plausible when the new experimental data
can be explained in terms of the same model.
4.3 Experimental
4.3.1 Methods and materials
The electrode tested was a E-TEK Elat/Std/DS/V2 gas diﬀusion electrode
with 0.5 mg Pt/cm2 and 20% Pt/C on Vulcan XC-72. The electrode area was
4.91 cm2.
To obtain a better ionic contact between the layers in the membrane- and
electrode assembly (MEA) of the single cell, the electrodes were sprayed with
a 5% Naﬁon solution to give 0.6 mg Naﬁon/cm2. The MEA consisted of two
identical electrodes separated by a Naﬁon 117 membrane. The membranes
were pretreated in several steps as described for instance by Møller-Holst [51].
The mechanical pressure over the MEA was 4.2 barg, controlled by a pneumatic
piston. The pressure and temperature were constant during each experiment
within one percent variations.
The EIS measurements were done in an in-house fuel cell test station build by
Møller-Holst [51] and modiﬁed by Vie [39]. The test station is also described
in previous papers [62, 80]. The impedance diagrams were recorded using a
PAR 263A/94 potentiostat and a Solartron 1260 FRA. The Z-plot software
from Scribner Ass. Inc. was used to run the experiments. Measurements were
made in a two-electrode set-up where the counter electrode which operated on
neat H2 also served as reference electrode. The impedance was obtained by
sweeping over frequencies from 10 kHz to 10 mHz, recording 12 steps/decade,
for each pressure. An amplitude of 5 mV was used in the experiments. The
applied potentials was 0.05 V. All EIS spectra were ﬁtted using the software
Z-View (Scribner Associated Inc.) and are given as Nyquist plots of Zcell.
Both cyclic voltammetry (CV) and stripping voltammetry was done at 30◦C
using a PAR 263A/94 potentiostat and CorrWare software from Scribner.
The same cell was used as in the EIS experiments. In the CV experiments,
the working electrode compartment was fed with pure N2 and in the stripping
voltammetry experiments it was fed with H2+103 ppm CO. After the electrode
had been equilibrated with CO, the working compartment was purged with N2
for 2 hours before the CV experiments were done. The CO that remained on
the surface was therefore chemisorbed. The scan rate was 20 mV/s.
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4.3.2 EIS studies
1. Most experiments were performed at 30◦C. At this temperature, we in-
vestigated the cell with pure hydrogen on both sides, and with hydrogen
and 103 ppm CO on the working electrode, at 0 and 0.05 V applied dc
voltage, and for three total gas pressures (1, 2.5 and 4 bar).
2. The experiments at 0 and 0.05 V applied dc voltage were repeated at
50◦C and 1 bar.
3. The CO poisoning of the anode required time to come to equilibrium. At
30◦C this time was approximately 2 hours. EIS measurements were done
when the system was equilibrated, usually after 2 hours. The equilibra-
tion time was determined by recording the phase shift angle at 0 V and
100 Hz after admitting CO to the electrode compartment, see Figure 4.2
for a typical example, obtained at 30 ◦C. The time for equilibration was
somewhat shorter at 50◦C.
4. In order to be able to compare the experimental technique with that
reported by other researchers, the EIS was also measured with a regular
fuel cell with O2 fed to the cathode and H2 or H2+103 ppm CO fed to
the anode compartment. The applied dc voltages were 0 and 0.05 V.
 0
 5
 10
 15
 20
 25
 30
 0  50  100  150  200
-
φ /
 D
eg
re
e
t / min
Figure 4.2. Phase angle variation with time as a clean electrode is ﬂushed with
103 ppm CO in hydrogen gas at 1 bar, 100 Hz, 0.0 V and 30◦C. A stable value
is reached after 2 hours.
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4.4 Results
4.4.1 The surface coverage
The stripping voltammogram for the electrode are shown in Figure 4.3. The
CO coverage at 30◦C was calculated from Fig. 4.3. The surface area below the
peak corresponding to CO adsorption (0.6-0.9V) was integrated to give a sur-
face charge of 48 mC/cm2. Using the charge required to oxidise one monolayer
CO on bright Pt (484 µC/cm2) [81, 82], the surface area was calculated to 20
m2 Pt/g Pt using the procedure explained in a previous article [80]. We found
again the surface area of the unpoisoned electrode to be 22 m2 Pt/g Pt. The
chemisorbed layer of CO at 30◦C has therefore a coverage of θ = 0.90, giving a
hydrogen coverage of 0.10. Both Felui et al. [81] and Weaver et al. [82] found
a coverage of irreversibly adsorbed CO on platinum in aqueous sulphuric acid
at room temperature of about 0.9. At 50◦C, our CO coverage changes to 0.83.
This compares well with Ciureanu and Wang [30] who obtained 0.85 at this
temperature.
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Figure 4.3. Stripping voltammogram obtained with a working electrode equili-
brated 2 hours with H2 + 103 ppm CO and subsequently ﬂushed with N2 for
2 hours before cycling. The temperature was 30◦C and the scan rate was 20
mV/s.
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4.4.2 The fuel cell spectra and the Naﬁon membrane resistance
An immediate control of the experimental set-up and the system was always
provided by the Naﬁon membrane resistance derived from the spectra. This
resistance has been recorded in the literature by many researchers [30, 31, 29,
40]. Our values were temperature dependent. They agreed with observations
by Paganin et al. [29] and Freire et al. [40] and were reproducible within an
error of ±5%, see Table 4.1.
The results from the fuel cell, with and without the poisoned electrode are
shown in Fig. 4.4. We see the considerable change in the impedance spectra
that also have been reported by others. We see the immediate change upon
poisoning cited in the beginning of this article: While the main loss is as-
sociated to the cathode in Fig. 4.4a, it is associated with the anode in Fig.
4.4b.
Table 4.1. Parameters for the proton hydration step, obtained by ﬁtting exper-
imental data for the cell H2|H2+103 ppm CO to Eq. (4.10). The electrodes
were equilibrated 2 hours before the experiment at 1 bar total pressure.
T ∆φdc Rm Cscm ρcm
(◦C) (V) (Ω cm2) (s/Ω cm2) (Ω cm2)
30 0.00 0.47 0.0029 0.11
30 0.05 0.50 0.0031 0.17
50 0.00 0.43 0.0079 0.15
50 0.05 0.42 0.0072 0.19
4.4.3 The spectra of the CO-poisoned electrode
The spectra of the anode equilibrated with 103 ppm CO and recorded at 30◦C
are shown in Fig. 4.5 for 0 and 0.05 V applied potential. The total resistance
of the system increase with increasing bias potential. This is probably due to
a change in Zct. Ciureanu and Wang [30] found that the total resistance in the
CO poisoned hydrogen cell increased with increasing bias voltage at potentials
below 0.3 V.
The ﬁrst spectrum, repeated in Fig. 4.6, shows the ﬁt of experimental data to
the equivalent circuit in Fig. 4.1. Three rate-limiting processes can clearly be
ﬁtted. The high-frequency arc, to the left in the diagram, is again most pro-
nounced at 30◦C. The low frequency region ﬁtted to the Gerischer impedance
is shown in more detail in Fig. 4.7. The ﬁt in this ﬁgure captures all data with
a precision of a few per cent. In general the ﬁts of step 1 and 2 were within
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Figure 4.4. PEMFC impedance spectra at T=50◦C, 1 bar and pure hydrogen
and oxygen gas. (a) No CO present in the anode gas (b) 103 ppm CO present
in the anode gas
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5% and step 3 within 50%. Within these accuracies, there was no observable
eﬀect on the impedance by changing the pressure. Also there was no system-
atic variation in Y0 with the pressure. The measurements at 50◦C are shown in
Fig. 4.8. The contribution from the unpoisoned electrode in the symmetrical
hydrogen cell [62, 80] is negligible compared to the contribution from the CO
poisoned hydrogen electrode.
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Figure 4.5. EIS of the H2|H2 + 103 ppm CO cell after 2 hours equilibration at
1 bar pressure and T=30◦C, 0 and 0.05 V.
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Figure 4.6. Detail of Fig. 4.5 for T=30◦C and 0 V. The ﬁt to the equivalent
circuit 4.1 is shown and the superimposed area between the charge transfer part
and the Gerischer part is split. The line is the ﬁtted data.
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The results of the data reduction from all ﬁts are presented in Tables 4.1-4.3.
The results for step 1 and 2 have an accuracy better than 5% while the accuracy
for step three is better than 50% in all tables. Table 4.1 gives the characteristics
of the proton hydration step. We see a signiﬁcant variation in the parameters
with applied potential and temperature. Table 4.2 gives the characteristic data
for the charge transfer step and the Gerischer impedance. As we have found
earlier, the factor α is remarkably constant. The potential has the greatest
impact on the charge transfer step, Tct and ρct, but a systematic variation is
also seen in the parameters of the Gerischer impedance, Y0 and τad.
The relaxation times for all three processes are given in Table 4.3. The ta-
ble gives also their value relative to the value of the unpoisoned electrode
(τCO/τ). The relative eﬀect on Y0 is tabulated in Table 4.2. From the change
in impedance and temperature, we calculate from Eq. (4.9) that the surface
diﬀusion coeﬃcients are related by
D50,0V = 8×D30 (4.15)
D50,0.05V = 28×D30 (4.16)
The relative change in the diﬀusion coeﬃcient with temperature and potential
can be found, by assuming the surface concentration to be a temperature
function only. Calculations gave then a 8 fold variation with a temperature
change of 20◦C at 0 V, and around a 30 fold variation at 0.05 V. The variation
is large, and calls for a revision of the assumption.
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Figure 4.7. Enlargement of Fig. 4.5 showing the ﬁt to the Gerischer impedance
and the constant charge transfer element at T=30◦C and 0 V. The superim-
posed part of the plot is split into the CPE part and the Gerischer part. The
line is the ﬁtted data.
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Figure 4.8. EIS of the cell H2|H2 + 103 ppm CO cell after 2 hours equilibration
at 1 bar pressure and 50◦C, 0 and 0.05 V.
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Table 4.2. Parameters obtained for the constant phase element and the
Gerischer impedance, by ﬁtting experimental data for the cell H2/H2, 103 ppm
CO to Eqs. (4.6), (4.8), (4.10), and (4.11). The electrodes were equilibrated 2
hours before the experiment at 1 bar total pressure. The admittance Y0,rel gives
the admittance relative to that of the unpoisoned electrode.
T ∆φdc Tct αct ρct Y0 Y0,rel τad
(◦C) (V) (sα/Ωcm2) (Ωcm2) (s1/2/Ωcm2) (s)
30 0.00 0.079 0.77 1.69 6 0.032 4
30 0.05 0.041 0.83 24.8 0.3 0.0023 9
50 0.00 0.072 0.86 1.15 16 0.072 5
50 0.05 0.042 0.85 7.59 1.5 0.010 16
Table 4.3. Relaxation times for the three steps of the CO poisoned electrode
of the cell H2/H2, 103 ppm CO. Gas diﬀusion electrodes were E-TEK Elat
0.5 mg Pt/cm2 and a Naﬁon 117 membrane was used at 1 bar total pressure.
Experimental conditions were T = 30 or 50◦C and E = 0 or 0.05 V. The
relaxation times τcm and τct were calculated using Eqs. (4.12) and (4.14).
τad followed directly from the data ﬁtting. Relative values are referred to the
unpoisoned electrode at the same conditions.
T ∆φdc τcm τcm,rel τct τct,rel τad τad,rel
(◦C) (V) (10−4 s) (s) (s)
30 0.00 3.2 1.3 0.073 21 4 0.7
30 0.05 5.3 2.3 1.01 220 9 1.1
50 0.00 12 1.2 0.0055 1.3 5 1.0
50 0.05 14 1.8 0.26 55 16 3.2
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4.5 Discussion
In section 4.2 of this paper, we described our postulated three steps in the an-
ode reaction. The new experimental data, obtained for electrodes equilibrated
with 103 ppm CO, are discussed below with reference to these steps.
4.5.1 Hydrogen adsorption/desorption and diﬀusion
As hydrogen gas enters the porous electrode backing from the gas channel,
the ﬁrst step says that the gas is reversibly adsorbed to the carbon surface in
the pores, and that the gas molecule migrates along this carbon surface to the
catalyst particle.
A theoretical argument was given for the existence of such a step [80]: Direct
access from the gas phase to the three-phase contact line is prohibited. Such
an access leads to the divergence of the ﬂux of hydrogen being inﬁnite at the
contact line, an impossible situation. Access is therefore via the interfaces
between the materials that are involved. In the porous, gas-ﬁlled carbon, such
an interface is provided by the carbon-gas interface. This interface will then
eventually give access of hydrogen to the Pt particles. Such transport via the
interface of two materials is in fact favourable, as it provides a more widely
spaced access to the Pt particle. Also the interface between the membrane
(Naﬁon) and the gas can provide a pathway. The variation in the phase angle
with time, see Fig. 4.2, supports the idea that this kind of adsorption takes
place. The ﬁgure shows two distinct phases, a rapid phase (when the chemical
potential diﬀerence of CO between the gas and the surface is large) and a slow
phase. The last phase can well be a reequilibration step across a porous layer,
similar to the step seen for adsorption of gases in zeolites membranes [83].
As discussed earlier [62], the model does not discriminate between a molecular
or an atomic state of hydrogen on the carbon surface. We have chosen to use
molecular hydrogen in Eq. (4.2), because the adsorption on carbon is probably
weak [78].
In the Results section, we showed that the experimental data in Figs. 4.5-4.8
could be ﬁtted to the Gerischer impedance, cf. Table 4.2, Y0 and τad. f. Table
4.2, Y0 and τad. The ﬁt to the two superimposed semi-circles have a high degree
of uncertainty. It should be remembered that the model developed in our earlier
work [80] is a premise of the analysis. The relaxation time τad was measured
in seconds after exposing the electrode surface to CO. The interesting fact is
that this is precisely the same as observed in the unpoisoned electrode. Table
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4.3, column 8, shows that the relaxation time of this step is unaﬀected by the
presence of the CO-gas in the unpolarised electrode. This may be expected, if
the state of the hydrogen on the carbon surface is unaltered.
If the argument about access to the catalyst holds for H2, namely that the path
to the catalyst is via the carbon-gas interface, it follows that also CO must
follow the same path. A closer inspection of the variables, that deﬁne the
relaxation time is therefore interesting. Most interesting is the admittance Y0,
given in Table 4.2. This value is reduced by a factor between 10 and 30 in the
unpolarised cell when CO is present in the system, and a factor between 100
and 400 in the polarised cell. The reduction is expressed in Y0,rel, the ratio of
admittances, in this table. Equation (4.9) gives a relation between the diﬀusion
coeﬃcient of hydrogen, the temperature and the hydrogen concentration on the
surface.
We ﬁnd that the reduction in the diﬀusion coeﬃcient is by more than one
order of magnitude, when a electrode with CO is compared to one without CO
at the same temperature and same surface gas concentration. A reduction is
likely if CO is binding to the carbon surface, and prevents H2 from moving.
The fractional coverage of platinum is high, 0.90 or 0.83, but it is also likely
that some CO adsorbs to the carbon part of the electrode.
Using the assumption kaH2 = k
d
H2
, we calculated D = 1× 10−7 m2/s [80]. This
assumption is less likely now, as the hydrogen concentration on the surface
should be reduced in the presence of CO. This means that the diﬀusion coef-
ﬁcient does not account for all of the reduction in Y0, as measured by Y0,rel.
Also caH2 must be responsible for a reduction. Given that the relaxation time
for hydrogen adsorption is unaltered, however, the adsorption of CO on the
carbon matrix seems to be weak (physisorption).
According to Eq. (4.9) the admittance should change with a pressure change.
This was not observed, but can be understood by the small value of Y0. A
possible variation in Y0 with the pressure, like the one observed earlier [80], is
not detectable within the accuracy in the experiment, when Y0 becomes too
small.
4.5.2 The charge transfer step
This investigation shows that the relaxation time of the charge transfer step,
τct, increases drastically in the presence of CO, see also τct,rel in Table 4.3.
While the relaxation time of the adsorption step, and the proton hydration
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step, barely changes, the relaxation time of the charge transfer step changes by
more than one order of magnitude at both temperatures. Clearly the conditions
at the surface for hydrogen oxidation are changed.
We know from Fig. 4.3 that the presence of CO reduces access of hydrogen to
the platinum surface by a factor of ten. Access alone need not have an impact
on the relaxation time. But CO is chemisorbed to the surface, as evidenced by
its presence after nitrogen ﬂushing. This plus the change in τct indicate that
CO also has changed the state of the surface and made it more polarisable.
According to the literature [30, 79]), the bond made by CO to Pt, will lead to
a localisation of electrons. The surface polarisation increases. The resistance
increases, especially under a polarisation, meaning that the surface becomes
more polarisable in the presence of CO. The increase in the system's resistance
with an applied potential (Fig. 4.5) is in agreement with this view.
The catalyst layer of the PEM fuel cell electrode is porous, and has an extension
of about 10 µm, which is signiﬁcant compared to the thickness of the backing
where gas transport takes place. This has led some researchers to describe the
layer in a continuous fashion, taking the proton resistance along as a variable
[84]. Our data do not allow for such a possibility, as the parameter α is
constant, and there is no indication of diﬀusion in the second semicircle.
4.5.3 The proton hydration step
The relaxation time of the proton hydration step, τcm, is largely unaﬀected
by the presence of CO, cf. Table 4.3. This is also what we should expect.
Compared to the study without CO present, the two contributions to τcm have
changed. The resistance has increased, while the capacitance has increased
correspondingly. The more polarised surface discussed above can well result in
a higher resistance to charge transfer. It is further likely that the presence of
water in addition to CO at the surface modiﬁes the capacitance.
4.6 Conclusion
The present impedance spectroscopy investigation of the anode reaction of the
standard PEMFC in the presence of CO, has given additional experimental
evidence in favour of a recently proposed three-step model for the electrode
reaction [62, 80].
In particular we have found extra evidence for the hypothesis that the path
of the reacting gas to the catalyst particle is via the interface of the porous
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carbon phase and the gas phase. The hydrogen surface diﬀusion coeﬃcient was
clearly lowered compared to the diﬀusion coeﬃcient that has been estimated
earlier to 1×10−7 m2/s. Carbon monoxide acts by hindering hydrogen access
to the surface, by occupying the surface, and by making the surface more
polarisable, as has also been observed by others [11, 12, 79]. The proton
hydration step, needed for the proton to enter the ion-exchange membrane,
is relatively unaﬀected by the presence of CO, and can only be distinguished
from the other steps at low temperatures (30◦C).
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Abstract
The oxygen electrode in the polymer electrolyte membrane fuel cell
(PEMFC) was examined using electrochemical impedance spectroscopy
(EIS). The electrodes were E-TEK Elat gas diﬀusion electrodes with 0.5
mg Pt/cm2 and the membrane was Naﬁon 117. Operating temperatures
in the system were 30 and 50◦C. Oxygen gas was fed into both sides of
the system and the impedance was measured in the galvanostatic mode.
The electrode impedance was also measured in the fuel cell. For the con-
ditions used, with a potential around 0.7 V vs. the H2 anode, we argue
that the small, high-frequency, voltage-independent arc, is interpreted
as coming from a proton dehydration step, whilst the main arc is asso-
ciated with peroxide formation. The Butler-Volmer equation, ﬁtted to
experimental results for the two steps, gave a overall transfer coeﬃcient
β of 0.70±0.03 and an exchange current density, j0, of (9.42±0.01)×10−5
A/cm2 at 30◦C.
5.1 Introduction
It is well known that the oxygen electrode is far from reversible, and is therefore
cause of considerable dissipation of energy in almost all processes where it plays
a role. The overpotential at the oxygen electrode is the single most important
contribution to loss of eﬃciency in the polymer electrolyte fuel cell (PEMFC),
and this has led to numerous investigations of the oxygen reduction reaction
(ORR). Overviews are given by Damjanovic [85] and Tarasevich, Sadkowski
and Yeager [86].
The cathodic reduction of oxygen in PEMFC takes place in an acidic environ-
ment, and the kinetics and mechanism for the cathodic reduction of oxygen
are functions of many experimental factors like the cathode material and elec-
trolyte. The diﬀerence between the reversible cell potential and open circuit
potential is around 0.2 V. This then has lead one to suspect that reduction
reactions take place in parallel, and that the observation is a result of mixed
potentials [87, 88]. Slow dissolution of platinum in acidic solutions [89, 90, 91]
has also been held responsible for the low potential [91].
Kinoshita et al. [88] proposed that the reduction of oxygen proceeds in two
overall pathways; a direct 4 electron pathway (E0=1.229 V)
O2 + 4H+ + 4e− → 2H2O (5.1)
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and a peroxide pathway (E0=0.67 V):
O2 + 2H+ + 2e− → H2O2 (5.2)
followed by either the electro-reduction of peroxide (E0=1.77 V):
H2O2 + 2H+ + 2e− → 2H2O (5.3)
or the chemical decomposition of peroxide:
2H2O2 → 2H2O+O2 (5.4)
Here E0 is the standard state potential for the reaction. Kuhn et al. [92] and
Antoine et al. [93] found support for the direct 4 electron pathway.
The oxygen electrode in the polymer electrolyte fuel cell studied in this work,
consists of catalyst ink containing platinum particles sprayed onto a porous
carbon backing. Oxygen is supplied and most of the water that is formed is
removed through the porous matrix. A water-containing proton-conducting
membrane supplies hydrated protons [64] to the half cell reaction. The carbon
phase gives electronic contact to the cell exterior.
We have earlier investigated the anode performance with such a porous PEMFC
electrode, and found that a proton hydration step gives a possible rate-limiting
step in the reaction mechanism [80]. A likely next hypothesis is thus that such
a step also is possible on the cathode. The aim of this article is to study this
possibility for conditions that favour peroxide formation (with applied poten-
tials around 0.7 V vs. H2 anode), in order to obtain the parameters of the
Butler-Volmer equation for this series of steps. Such information is important
in fuel cell modelling, as the typical operating range of the cell is around such
a potential.
Rate-limiting steps in electrode reactions can be favourably examined by
impedance spectroscopy. The technique has been used to examine processes in
polymer electrolyte fuel cells [32, 33, 36]. Investigations have been done on the
cell as a whole, and on the symmetrical cell with two hydrogen electrodes [30,
31, 33, 94, 95]. Also some investigations on the symmetric cell with two oxygen
electrodes have been done [30, 33, 94], but the contribution from the water
electrochemical reaction has not been obtained before. This work presents
such results for a frequency range from 10 kHz to 10 mHz. We shall see that
the data can be ﬁtted well to a model for the oxygen reduction reaction with
two steps;
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H3O+ → H+ +H2O (5.5)
O2 + 2H+ + 2e− → H2O2 (5.2)
It follows from the data (two possible arcs in the impedance diagram) that the
third step most likely is a chemical step.
2H2O2 → 2H2O+O2 (5.4)
The overpotential of the oxygen electrode depends on the direction of the
current density [96]. We shall therefore have to pay attention to the direction
of the current, when we derive the single electrode impedance. The whole
cell impedance and the cell with two hydrogen electrodes shall be used in
combination with the cell with two oxygen electrodes, to ﬁnd the cathodic as
well as the anodic performance of the oxygen electrode. We shall then take
advantage of earlier studies of the hydrogen electrode [62, 80] and of results
for the regular fuel cell. The oxygen electrode shall be investigated with a
constant current, at two temperatures, in a symmetrical cell (O2|O2), and
also in a regular fuel cell (H2|O2). The overpotential characteristics of each
electrode can then be found and the parameters of Butler-Volmer ﬁtted.
5.2 Theory
The ac and dc potentials in an impedance experiment can be regarded inde-
pendently; they are superimposed on one another, giving
Zsi = Z
s
i,ac + Z
s
i,dc (5.6)
Subscript i refers to the anode or the cathode (a or c) and s refers to the
surface. Electrode reactions that are far from reversible, have highly non-
linear ﬂux-force relations, and therefore a value of Zsi,dc that is non-linear in
jdc.
The Butler-Volmer equation gives the most general relation between the elec-
trode overpotential and the cell current density, whilst the Tafel equation is
the high current density version of this equation, found to apply below 0.6 V
in the oxygen electrode of the fuel cell. The standard derivation of the Butler-
Volmer equation uses the picture of an activated complex to be discharged or
charged, at the top of an energy barrier in front of the metal surface, see i.e.
[97]. In the present case we have illustrated this situation in Fig. 5.1.
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Figure 5.1. The enthalpy proﬁle of the reacting mixture where the energy of the
activated complex is raised to the peak of the energy barrier before they react.
γ is the reaction coordinate.
Rubi and Kjelstrup [98] gave a derivation starting from the system's entropy
production, and we shall give their derivation here, to emphasise the link be-
tween the overpotential and the dissipation of energy as heat. The ﬁrst step
in their procedure is to recognise as net driving force for the electrode reaction
the sum of the chemical and the dc electric potential of the reacting mixture,
∆sφdc+∆G/F . The rate of the electrode reaction is proportional to the elec-
tric current density under dc conditions. The entropy production in the surface
is therefore
σs = − j
T s
[∆sφdc +∆G/F ] (5.7)
and the energy dissipated as heat is T sσs. Nernst equation appears, when the
process is reversible, i.e. when the entropy production, σs, is zero. This is in
the limit of zero current density. Away from this limit, we ﬁnd that the sum
deﬁnes the electrode overpotential
η = ∆sφdc +∆G/F (5.8)
This is obtained from the following argument. The overpotential is seen as the
total resistance to charge transfer in the reaction, so
η = −Rtotj (5.9)
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where Rtot is the surface resistance under dc conditions. The energy dissipated
as heat at the electrode surface is given by the product ηj, an ohmic type loss:
T sσs = −ηj = Rtotj2 (5.10)
By comparing Eqs. (5.10) and (5.7), we obtain (5.8).
The non-linear relation between the overpotential and the current density can-
not be deduced from the entropy production (Eq. 5.7), but it can be derived
by studying the system on the mesoscopic level. Like in the common derivation
of the Butler-Volmer equation, we introduce then the reaction coordinate γ as
a variable. We assume now that thermodynamic relations can be written at
any value of γ. This is the assumption of local electrochemical equilibrium in
γ-space: ∫ γ2
γ1
σs(γ) dγ = − j
T s
∫ γ2
γ1
[
∂φ(γ)
∂γ
+
1
F
∂G(γ)
∂γ
]
dγ (5.11)
The local driving force, on this ﬁner scale, is thus the combination of φ(γ)
and G(γ)/F . We see that the entropy production of the surface, Eq. (5.7) is
recovered by integrating Eq. (5.11) over the range of γ at constant j.
The reaction is also in this theory seen as proceeding over an activation energy
barrier, C(γ), see Fig. 5.1. In order to guide the thought, let us assume
that the charge transfer step in the model (Eq. 5.2) dominates. Two protons
stripped of water need to be activated in the presence of oxygen. The energy
of the activated complex is raised to the peak of the energy barrier before they
react. This is the situation illustrated in Fig. 5.1. The Gibbs energy of the
reacting mixture at any position γ along the barrier is
G(γ) = C(γ) +RT ln Γ(γ) (5.12)
Here Γ(γ) is the concentration of the activated reaction mixture. If the mixture
is ideal, the function C(γ) is the enthalpy proﬁle of the activation energy
barrier, see Fig. 5.1. The variation of Γ(γ) has a minimum at the peak of the
barrier.
A dc electric ﬁeld is now applied to the system, so the total energy per unit of
charge at any position γ changes to
µ˜(γ) = C(γ) +RT ln Γ(γ) + Fφ(γ) (5.13)
Here F is Faraday's constant. The expression can be contracted to
µ˜(γ) = RT ln (f(γ)Γ(γ)) (5.14)
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where f(γ) is the activity coeﬃcient:
f(γ) = e(C(γ)+Fφ(γ))/RT (5.15)
When no current is drawn from the system, there is electrochemical equilibrium
at the electrode. Equilibrium is characterised by a distribution of species Γ(γ)
over the γ-coordinate, with minimum concentration at the peak point as usual
in reaction kinetics. The driving force for progress of the reaction at constant
temperature is then [98]:
−dµ˜(γ)
dγ
=
RT
f(γ)Γ(γ)
df(γ)Γ(γ)
dγ
(5.16)
The system's entropy production σs(γ) in Eq. (5.4) can now be rewritten
for any state γ. In that state, the ﬂux is a linear combination of the driving
force, according to classical non-equilibrium thermodynamics. For isothermal
dc conditions, the only ﬂux is the electric current density, giving
jdc = −L RT
FfΓ(γ)
dfΓ(γ)
dγ
jdc = −ue−(C+Fφ)/RT d
dγ
eµ˜(γ)/RT (5.17)
where the electric mobility of the ion is deﬁned by u = L/ [FΓ(γ)] . It was
shown [98] that this equation can be integrated, assuming constant electric
mobility, from γ = 0 to γ = 1 to give the familiar Butler-Volmer equation
jdc = j0
[
e(1−β)ηF/RT − e−βηF/RT
]
(5.18)
with the overpotential deﬁned by Eq. (5.8). The exchange current density
found in this manner is, j0 = Leµ˜eq/RT where µ˜eq is deﬁned from the equi-
librium distribution along the reaction coordinate. The factor β deﬁnes the
deviation of the real state from the equilibrium state, and can also in this
derivation be interpreted as the overall transfer coeﬃcient for the two-step
reaction.
We shall perform the experiments under such conditions that both branches
contribute. The data shall thus be ﬁtted to the full Butler-Volmer equation
(Eq. 5.18).
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5.3 Experimental
5.3.1 The system
The electrode tested was a E-TEK Elat/Std/DS/V2 gas diﬀusion electrode
with 0.5 mg Pt/cm2 membrane area and 20% Pt/C on Vulcan XC-72. The
electrode area was 4.91 cm2.
To obtain a better ionic contact between the layers in the membrane and the
electrode, the electrodes were sprayed with a 5% Naﬁon solution to give 0.6
mg Naﬁon/cm2. The MEA consisted of two identical electrodes separated by
a Naﬁon 117 membrane. The membranes were pretreated in several steps as
described by Møller-Holst [51]. The pressure and temperature were constant
during each experiment within a percent variations.
The experiments were done in a in-house fuel cell test station built by Møller-
Holst [51] and modiﬁed by Vie [39]. The test station is described in previous
papers [62, 80].
The gas pressures on the two sides of the MEA were always atmospheric. The
temperature was constant during each experiment, 30 or 50◦C. Most of the
experiments were performed at 30◦C. The oxygen gas (AGA 99.999%) and the
hydrogen gas (AGA 99.999%) were humidiﬁed at 80◦C before entering the cell
housing.
The MEAs were conditioned as a fuel cell (H2|O2) and ran for 48 hours until
stable polarisation curves were achieved. This was done with every new MEA.
5.3.2 Case studies
Most of the experiments were done at 30◦C since the proton hydration step
is better visible at this temperature [62, 80, 99]. The following systems were
studied:
1. The fuel cell, denoted H2|O2, in a galvanostatic mode. The motivation
for this was two fold. Firstly we wanted to see how far we were able to
reproduce results that already are reported in the literature [29, 31, 32].
Secondly we needed the impedance of the cathode in the same cell that
we have documented data for the hydrogen anode [80].
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2. The symmetrical cell with two oxygen electrodes, denoted O2|O2. Care
was taken to use the same current density in this cell as in the fuel cell in
1), so that a combination of the results was possible. The current density
was always lower than 1 mA/cm2, corresponding to an applied voltage
around 0.7 V at 30◦C, in order not to damage the MEA. Galvanostatic
as well as potentiostatic mode was used. Potentiostatic mode revealed a
shoulder in the impedance diagram.
5.3.3 Methods
Impedance diagrams were recorded using a PAR 263A/94 potentiostat and a
Solartron 1260 FRA. The Z-plot software from Scribner Ass. Inc. was used
to run the experiments. Measurements were made in a two-electrode set-up.
The impedance was obtained by sweeping over the frequencies from 10 kHz to
10 mHz, recording 12 steps/decade.
Galvanostatic as well as potentiostatic experiments were done. In the poten-
tiostatic experiments, an amplitude of 5 mV was used, and the applied dc
potentials were in the 0.5-0.7 V range. In the galvanostatic experiments, the
amplitude varied when the constant current density changed. The amplitude
was never more than 5% of the constant current density. The current densi-
ties used varied between 0.17 and 0.22 mA/cm2 with corresponding voltage
between the anode and the cathode of about 0.60 V in the experiments done
at 30◦C. For the experiments done at 50◦C the current density range was 0.5-1
mA/cm2 with corresponding voltages of 0.85-0.95 V. For the H2|O2 cell the
corresponding voltage was 0.96 V at the current densities mentioned above.
The galvanostatic mode of operation gave relatively more reproducible results
than the potentiostatic ones, and was used with the wider range of current
densities.
The potentiostatic mode of operation resulted in relatively rapid system failure
at the highest current densities, but proved to be important at and near OCV
conditions, because they were then less disturbed by noise.
The OCV of the H2|O2 cell was 1.00 V. When the experiments of the symmet-
ric oxygen cell were done in the potentiostatic mode at voltages above 0.7 V
(current densities higher than 1 mA/cm2), we saw a change in the cell perfor-
mance at both temperatures. The charge transfer arc got more depressed, and
it was no longer possible to reproduce earlier experiments. It turned out that
these high potentials were not a problem in the galvanostatic mode. Still this
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region was avoided.
5.3.4 Data reduction
The measurements give the ac potential diﬀerence of the whole cell, and ac-
cordingly the cell impedance equal to
Zcell = Zmem + Zsa + Z
s
c (5.19)
Here Zmem is the impedance of the membrane electrolyte in the cell. When the
two electrodes are equal as in the symmetrical cell with hydrogen electrodes,
we have
ZsH2 =
1
2
(Zcell − Zmem) (5.20)
The performance of the cathodic oxygen electrode, is derived from
Zsc,O2 = Z
cell
H2|O2 − Zmem − ZsH2 (5.21)
while the performance of the anodic oxygen electrode is given by
Zsa,O2 = Z
cell
O2|O2 − Zmem − Zsc,O2 (5.22)
The low-noise potentiostatic experiments showed two arcs. On this background
we chose to interprete the data in terms of the reaction scheme Eq. (5.4) which
has the equivalent circuit in Fig. 5.2. A constant phase element in parallel
with a resistance was used for each arc. The mathematical equivalent is
Zi =
Ri
1 +RiTi(iω)αi
(5.23)
The smaller αi is, the more the arc is depressed, and when αi=1, the CPE
becomes a pure capacitance. The circuit for the whole cell is:
Zcell = Rm +
Rcm
1 +RcmTcm(iω)αcm
+
Rct
1 +RctTct(iω)αct
(5.24)
The spectra were ﬁtted using the software Z-View (Scribner Associated Inc.)
At the open circuit voltage (OCV), αct was found to be 0.82 for the O2 |O2
cell. This corresponds well with the values found for the charge transfer step
of the same electrode, but with hydrogen gas; H2|H2 [80], and indicates that
constant phase element is reasonable. The value of
Rstot = Rcm +Rct (5.25)
was calculated from the ﬁts, and used to ﬁnd the electrode overpotential from
Eq. (5.9).
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Figure 5.2. The equivalent circuit for the rate-limiting steps of the cathode of
the PEMFC. The proton dehydration step gives the resistance Rcm and the
constant phase element CPEcm. The charge transfer step at a heterogenous
surface contributes by Rct and CPEct. The Naﬁon membrane resistance is
denoted Rm.
5.4 Results
5.4.1 Experimental results
The H2|O2 impedance, shown in Fig. 5.3 conﬁrm results obtained by others
[29, 31, 32], cf. case study 1). The total resistance increases with increas-
ing potential. There is one small high frequency arc and a dominating mid
frequency arc. Paganin et al. [29] also observed the low frequency arc that
disappears at higher potentials. All results were reproducible with an accuracy
of 5%.
The potentiostatic results at 30◦C are shown in Fig. 5.4. The ﬁts to the
equivalent circuit Fig. 5.2 for the model (Eqs. 5.2, 5.4 and 5.5) are also shown.
The potentiostatic experiments gave two arcs for the oxygen electrode, one
small at the highest frequencies and one large dominating at the low frequen-
cies, both at OCV and with a bias voltage. The small arc can be best seen
when the high-frequency area is magniﬁed, see Fig. 5.5. In the galvanostatic
experiments no clear indication was found of a high frequency arc, neither at
30 nor at 50◦C. There was some noise at the highest frequencies and we believe
that the real signal was smaller than the noise. The experiments were done
in a potential range, which favours peroxide formation. When the cell hous-
ing was opened after the O2|O2 experiments, a discolouring of the membrane
was observed. The membrane had turned bright yellow and something had
clearly happened during the experiments. This is therefore taken as a strong
indication for peroxide formation in our system.
In the ﬁt of the experimental data to the model, we found that the small arc
did not change when the voltage was changed. This supports further the idea
100 Chapter 5. The Butler-Volmer equation of the oxygen electrode. . .
-2.5
-2
-1.5
-1
-0.5
 0
 0  1  2  3
Z(
Im
) /
 Ω
 
cm
2
Z(Re) / Ω cm2
0.5 V
0.6 V
0.7 V
0.8 V
0.925 V
OCV
(a)
-500
-400
-300
-200
-100
 0
 0  100  200  300  400  500
Z(
Im
) /
 Ω
 
cm
2
Z(Re) / Ω cm2
OCV
0.925 V
(b)
Figure 5.3. Nyquist diagram of the whole fuel cell (H2 |O2) at T=30◦C and 1
bara.
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that there is no charge transfer involved in this step.
A potential-independent semi-circle at the highest frequencies was observed
not only for the symmetrical cell, but also for the fuel cell. The relaxation
time for this proton hydration step at OCV and 30◦, τO2cm , was calculated to
0.22 s. At 50◦C the relaxation time was 0.75 ms. We found earlier that the
relaxation time for the hydrogen electrode at the same conditions τH2cm was 0.25
ms at 30◦C. [80].
These facts taken together, all point in favour of an interpretation in terms of
the model described with Eqs. (5.2), (5.4) and (5.5) and Fig. 5.2.
The galvanostatic results for the O2|O2 cell at 30◦C are given in Fig. 5.6.
Corresponding results for the H2|O2 cell are given in Fig. 5.7. The galvanos-
tatic results were used to calculate the performances of the oxygen electrode
as a cathode and as an anode, according to Eqs. (5.21) and (5.22). The
contribution from H2 anode was very small [62, 80].
The calculated anodic impedance of the oxygen electrode acting as an anode
is shown in Figs. 5.8-5.11. Results for the cathode are also shown. We see
from Figs. 5.8-5.11 that the charge transfer resistance from the anode is much
larger than for the cathode.
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Figure 5.8. Nyquist diagram of the O2|O2 cell at 30◦C and 1 bara in galvano-
static mode with a constant current density at 0.17 mA/cm2.
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Figure 5.9. Nyquist diagram of the O2|O2 cell at 30◦C and 1 bara in galvano-
static mode with a constant current density at 0.18 mA/cm2.
-200
-150
-100
-50
 0
 0  50  100  150  200  250
Z(
Im
) /
 Ω
 
cm
2
Z(Re) / Ω cm2
O2/O2 - anode
O2/O2 - cathode
Figure 5.10. Nyquist diagram the O2|O2 cell at 30◦C and 1 bara in galvanos-
tatic mode with a constant current density at 0.20 mA/cm2.
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Figure 5.11. Nyquist diagram the O2|O2 cell at 30◦C and 1 bara in galvanos-
tatic mode with a constant current density at 0.22 mA/cm2.
The results show that the charge transfer resistance decreases with increasing
current density at both temperatures for the symmetric oxygen cell, in agree-
ment with other observations [93]. As expected, the resistance also decrease
with increasing temperature.
The overpotential was plotted as a function of the current density. The over-
potential was calculated using the applied constant current and the resistances
from the ﬁtted data, using Eq. (5.8). The Butler-Volmer equation (5.18) was
next used to ﬁt the experimental data and is shown in Fig. 5.12. The value
of β was found to be 0.70±0.03 and the exchange current density, j0, was
(9.4 ±0.6)×10−5 A/cm2. The measurements of the j and η was done in a
narrow range because of experimental limitations. As seen from the plot, the
cathodic branch of the total current rises more steeply than the anodic branch,
a consequence of the high overall transfer coeﬃcient factor.
5.5 Discussion
Our experimental results gave support to a ﬁt of the data in terms of a par-
ticular mode of electrode operation, namely the mode given by Eq. (5.4), and
the equivalent circuit in Fig. 5.2. From this we deduced the parameters in the
Butler-Volmer equation. Below we discuss our ﬁndings also in view of results
of other investigators.
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Figure 5.12. Butler-Volmer plot of the oxygen reduction reaction in the
PEMFC.
5.5.1 Impedance spectra of the fuel cell electrodes
Several others have also observed two semi-circles for this reaction, including a
high frequency arc. Romero-Castañón et al. [32] investigated the MEA in the
PEM fuel cell using a reference electrode to separate the anode and cathode
contribution. They discovered a small incomplete semicircle at the high fre-
quencies for the H2|O2 cell, at all voltages including OCV. This semicircle did
not vary with the potential. They concluded that the high frequency region
was not associated with any faradic process nor with mass transport limita-
tions on the cathode electrode side but to structural features of the MEA. This
may also support our proposal about an initial proton dehydration step.
Hombrados et al. [33] found one arc in the mid frequency area for ORR
and connected this to the charge transfer. At the lowest frequencies a line
with almost 45◦C angle was observed, and they associated this with a mass
transfer (Warburg) impedance. They stopped the frequency sweep at 10 Hz,
however. They used a PEMFC with a Naﬁon 117 membrane and measured
when the fuel cell was in symmetrical mode (O2|O2) and 45% humidiﬁcation
of the reactant gases. Operating temperature was 40-70◦C and OCV. We do
not ﬁnd any Warburg-like behaviour. Our use of OCV conditions, the presence
of saturated water vapour, and absence of gas diﬀusion limitations makes it
unlikely that one should observe a Warburg impedance usually attributed to
mass transport limitations.
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Kuhn et al. [92] observed from the EIS experiments an inductive semi-circle in
the low frequency range in addition to a high frequency and a mid frequency
arc. They assigned this inductive semi-circle to a second charge transfer step
(the formation of OHads from the adsorbed O−). They used non-impregnated
electrodes that allow for an unhindered access of the gaseous species to the cat-
alyst particle. These authors supported the reaction pathway of Damjanovic
et al. [100] with two charge transfer steps. We do not ﬁnd inductive contri-
butions. According to Kuhn et al. [101] this is diﬃcult to observe when the
electrode is impregnated with an ionomere because the inductive loop will be
masked, so we do also not expect to see this in our experiments.
The galvanostatic experiments were done in a potential range which favours
peroxide formation, cf. Eq. (5.2). We observed that the membrane had turned
yellow during the EIS experiments and belive that this is due to formation
of peroxide. We also assign the small voltage-independent, high-frequency
arc to a proton dehydration step (Eq. 5.5). The arc did not change with a
change in bias voltage indicating that it is not a charge transfer step. Earlier
investigations of the anode showed that a proton hydration step gives a possible
rate-limiting step in the reaction mechanism [80]. Our hypothesis is that such
a step can also occur at the cathode. The mechanism is illustrated in Fig.
5.13. Hydronium ion from the water-ﬁlled membrane splits into a proton and
a water molecule. Oxygen molecules react with protons and electrons from the
carbon phase and protons to form peroxide molecules at the platinum surface.
This reaction is a more diﬃcult than the one on the anode, and it is likely that
the relaxation time for the proton dehydration is larger on the anode side then
the cathode side. The surface diﬀusion of O2 is shown at the bottom, and the
still hydrated peroxide close to the upper Pt island.
5.5.2 The Butler-Volmer equation
The region close to OCV conditions is the region where the activation loss
dominates in the fuel cell, and the loss is connected with the kinetics of the
ORR. All experiments reported here were done in this voltage range. For the
low current densities in this range, mass transport limitations are negligible
[92]. This means that the overpotential we are working with is a pure activation
overpotential.
We have not been able to ﬁnd any reported values for β for PEMFC in the
literature. Ciureanu and Wang [30] calculated what they called apparent
exchange current density for a symmetrical oxygen cell where they used the
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Figure 5.13. Illustration of the mechanism of the formation of hydrogen per-
oxide in the cathode of the PEMFC. Oxygen diﬀusion on carbon is shown at
the bottom. The hydrated proton migrate along the negatively charged polymer,
and react with oxygen at the platinum island in the upper part of the ﬁgure.
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resistance for the charge transfer reaction related to the geometric surface area
of the electrode. They used the value obtained from the EIS experiment and
calculated the value to 8.6×10−5 A/cm2. This is very similar to the value
obtained from our ﬁt to the Butler-Volmer equation, (9.4 ± 0.6)×10−5 A/cm2.
The cathodic Tafel slope was calculated to -86 mV/decade which corresponds
well with the Tafel slope calculated by Ihonen et al. [102] at low current
densities and a cell temperature of 40◦C.
The Butler-Volmer equation is needed for reliable fuel cell modelling at low
overpotentials. We have shown above that the full equation need to be taken
into account in the range of experimental parameters used here at low η.
5.6 Conclusion
The oxygen electrode in the polymer electrolyte membrane fuel cell was ex-
amined using electrochemical impedance spectroscopy. The electrodes were E-
TEK Elat gas diﬀusion electrodes with 0.5 mg Pt/cm2 and the membrane was
Naﬁon 117. Operating temperatures in the system was 30◦C. With a potential
around 0.7 V vs. H2 anode, the small voltage-independent, high-frequency
arc can be interpreted as coming from a proton dehydration step, while the
main arc is associated with peroxide formation. The anodic branch of the
oxygen reduction reaction in the Butler-Volmer equation was determined. The
Butler-Volmer equation ﬁtted to experimental results for the two steps gave a
overall transfer coeﬃcient β of 0.70±0.03 and an exchange current density of
(9.42±0.01)×10−5 A/cm2 at 30◦C.
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Chapter 6
Conclusions and further work
6.1 Conclusions
The electrodes of the polymer electrolyte membrane fuel cell (PEMFC) were
studied in this thesis. The electrodes investigated were porous gas-diﬀusion
electrodes (E-TEK Elat/Std/DS/V2) with 0.5 mg Pt/cm2 and 20% Pt/C.
These electrodes were impregnated with a 5 wt% Naﬁon solution to give 0.6
mg/cm2. The two similar electrodes were separated by a Naﬁon 117 membrane.
The geometric cell area was 5 cm2. Electrochemical impedance spectroscopy
(EIS) was used to study the electrode processes. A two electrode set-up was
used in all the experiments. The frequency range used was 10 kHz-10 mHz.
The operating temperatures were 30 and 50◦ with the emphasis on 30◦.
We wanted to avoid a reference electrode and therefore used symmetrical cells.
When studying the hydrogen oxidation reaction (HOR) at the anode, a H2|H2
cell was used. When studying the oxygen reduction reaction (ORR) an O2|O2
cell was used, and we also did experiments with the total fuel cell, the H2|O2
cell.
The contribution to the overpotential from the anode is almost negligible in
a PEM fuel cell at normal operation compared to the contribution from the
cathode. The HOR at the anode is a reversible reaction, and in a symmetrical
hydrogen cell at OCV there is an equal contribution from both the electrodes.
The data were represented in Nyquist diagrams. By using irreversible ther-
modynamics we were able to make an equivalent circuit that represented our
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experimental data well. The data were then analysed using this model and we
saw that the data ﬁtted the model well.
We found three rate-limiting steps at the anode, connected to diﬀerent reac-
tions. In the low frequency area we discovered the Gerischer behaviour. This
behaviour was best seen at the lowest temperature. This showed that hydro-
gen diﬀused along the carbon pores in the electrode and that the adsorption
reaction took place in combination with surface diﬀusion of hydrogen in the
carbon layer located before the platinum surface. The reaction was thus not
only dependent of the platinum catalyst particles. The surface coeﬃcient of
hydrogen diﬀusion was estimated to 10−7 m2/s. We were not able to distin-
guish between molecular or atomic adsorption. The relaxation time for this
rate-limiting adsorption/diﬀusion step was independent of bias voltage. In the
mid frequency area we found the well known charge transfer step taking place
at the platinum particles. In the high frequency area we discovered the was the
proton hydration step. We showed that water plays an important role at the
anode. This third step was best seen at the low temperature, 30◦C, at 50◦C
this small arc was superimposed on the charge transfer arc in the Nyquist plot.
We now had a model that described the processes at the anode.
We were then interested in how CO poisoning aﬀected the fuel cell and with
the background from the unpoisoned anode, we introduced 100 ppm CO into
the fuel. When the anode is poisoned, even with a small amount as 100 ppm
CO, the anode suddenly has an impact on the total loss in the PEM fuel cell.
Bias voltages of 0 and 0.05 V were used. Three steps were again revealed
in the reaction mechanism, the charge transfer step, the adsorption/diﬀusion
step, and the proton hydration step. This conﬁrmed earlier results from the
unpoisoned anode. The CO had a big eﬀect on the charge transfer step and
the relaxation time increased drastically. The relaxation time for the adsorp-
tion/diﬀusion step was unaﬀected by the CO. We also concluded that CO
reduces the diﬀusion rate of the surface diﬀusion of hydrogen on carbon. Also
the relaxation time for the proton hydration step was unaﬀected by CO. CO
hindered hydrogen access to the Pt surface, occupied the Pt surface and made
the surface more polarisable. From cyclic voltammetry and stripping voltam-
metry experiments we found the CO coverage to be 0.90 at 30◦C and 0.85 at
50◦C.
We then looked at the ORR at the cathode. The oxygen electrode is not
reversible like the hydrogen electrode. The symmetric oxygen cell was therefore
investigated both in galvanostatic mode where we were able to control the
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amount of electrons passing in the system. To be able to ﬁnd the contributions
from the anode and the cathode in the oxygen cell, the whole fuel cell was also
investigated at the same conditions as the symmetric oxygen cell. The anodic
and cathodic contribution of the oxygen electrode were then discovered. We
found two rate-limiting steps. One dominating arc in the Nyquist diagram
related to the charge transfer reaction and one small high frequency arc that
we assigned to a proton dehydration step. This small high frequent arc did not
change with the bias voltage. We belive we had peroxide formation followed
by decomposition of peroxide. The Butler-Volmer equation was also ﬁtted to
the experimental data. The transfer coeﬃcient β was determined to 0.70 ±
0.03 and the exchange current density, j0 was (0.094 ± 0.0001) mA/cm2.
6.2 Further work
More experiments are necessary to be able to fully understand the anode in
the PEM fuel cell. We were not able to distinguish between molecular and
atomic diﬀusion of hydrogen. We assumed that there was molecular diﬀusion,
but we need more knowledge about the surface diﬀusion constant of hydrogen.
Also the role of water has to be clariﬁed. To learn more about this, more
EIS experiments are needed where the temperature range is extended. Also
other experimental techniques, like Neutron Diﬀraction, should be used to ﬁnd
out more about the anode structure. EIS experiments with diﬀerent Naﬁon
membranes should also be performed and a wide temperature range should
be used. The model as it is today, is only valid for the gas-diﬀusion teﬂon-
bonded electrode with the Naﬁon 117 membrane. One should try to get more
information about other systems as well and see how this experimental data
corresponds with the developed model.
For the poisoned anode, diﬀerent levels of CO could be used. It is known from
other researchers that the anode reacts diﬀerently dependent of the concen-
tration of CO in the fuel. As a starting point, 2% CO should be fed to the
electrode. Also more bias potentials should be used in the experiments, both
at 100 ppm and 2% CO.
From the experiments at the oxygen electrode, several current densities in
galvanostatic mode should be performed to get more information, more data in
a wider current and potential range, for the ﬁt to the Butler-Volmer equation.
The temperature range should also be extended to higher temperatures to see
how this aﬀects the electrode.
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